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of a Cardiaspina psyllid species in an endangered woodland ecosystem. Agricultural 
and Forest Entomology, 17, 292-301. 
Chapter 3: Hall, A.A.G., Johnson, S.N., Cook, J.M. & Riegler, M. High nymphal 
host density and mortality negatively impact parasitoid complex during an insect 
outbreak.  
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Johnson, S.N., Cook, J.M. & Riegler, M. (2016). Codivergence of the primary 
bacterial endosymbiont of psyllids versus host switches and replacement of their 
secondary bacterial endosymbionts. Environmental Microbiology, 18, 2591–2603. 
Chapter 5: Hall, A.A.G., Steinbauer, M.J., Taylor, G.S., Johnson, S.N., Cook, J.M. 
& Riegler, M. Cryptic diversity, host specificity, trophic and coevolutionary 
interactions in Australian psyllid – parasitoid food webs.  
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Abstract 
Identifying, classifying and ranking the major factors and processes influencing 
population dynamics and community structure of animals are the greatest challenges 
of ecological research. Examples of these factors and processes are climate, 
competition, resource limitation, natural enemies and symbionts. 
Cardiaspina (Hemiptera: Aphalaridae) are psyllids that specifically feed on 
Eucalyptus and are well known for experiencing major population outbreaks that can 
result in area-wide defoliation. An outbreak of a Cardiaspina sp. of uncertain species 
assignment on Eucalyptus moluccana (Grey Box) in the critically endangered 
Cumberland Plain Woodland of Western Sydney that had started just prior to the 
start of this PhD project provided an ideal case study to investigate the factors and 
processes driving this major herbivore outbreak during its peak and decline (Chapter 
2). Minimum winter temperature differences in different study sites of the 
fragmented woodland across the large outbreak region had a significant direct impact 
on psyllid population development and distribution. Furthermore, winter temperature 
may have indirectly impacted outbreak dynamics via constrained parasitoid 
aggregation between study sites due to host developmental differences. Resource 
depletion due to area-wide defoliation and summer heat waves were responsible for 
the dramatic decline in psyllid populations that occurred during this study, while the 
principal natural enemies (parasitoid wasps) did not appear to play a significant role. 
Parasitoid wasps were inhibited in their regulation of the psyllid outbreak by a 
greater mortality rate in larval stages than their psyllid host. Parasitised hosts were 
more susceptible than unparasitised hosts to mortality brought about by host 
overabundance (resulting into intraspecific psyllid competition), and summer heat 
waves. Larval parasitoid mortality, loss of life cycle synchrony between woodland 
fragments and hyperparasitisation of parasitoids by hyperparasitoids all appeared to 
contribute to parasitisation being inversely density dependent to host density. It was 
concluded that this may provide a general explanation for the low incidence of 
reported density dependence of parasitisation in natural ecosystems, in particular 
during outbreaks, and therefore when host density is high. 
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At a different trophic level, psyllids harbour bacterial endosymbionts. Carsonella 
(Gammaproteobacteria) is their primary bacterial endosymbiont and expected to 
provide its hosts with essential amino acids that are deficient in their plant sap diet. 
Using cophylogenetic analyses, Carsonella appeared to show strict and long-term 
cospeciation with its psyllid hosts, indicative of a long history of coevolution 
(Chapter 4). This association also allowed testing of phylogenetic relationships, 
based on psyllid and Carsonella DNA, of psyllid species with uncertain species 
assignment and highlighted the need for future taxonomic revision and potential 
collapse of several Cardiaspina species into fewer taxa. Furthermore, recent genome 
analyses of Carsonella and psyllid secondary bacterial endosymbionts has suggested 
that secondary endosymbionts may be required to complement Carsonella which is 
not able to provide the full suite of essential amino acids to its hosts. In this study, it 
was found that a secondary endosymbiont (Arsenophonus or Sodalis, both 
Gammaproteobacteria) was present at 100 % prevalence in 12 populations of 
Cardiaspina psyllids and one of the closely related Glycaspis. While cophylogenetic 
analyses indicated their coevolution with psyllids includes host switches and 
endosymbiont replacement, there were molecular patterns in two endosymbiont 
lineages that were characteristic of long-term host associations. Secondary 
endosymbionts of Cardiaspina appeared to have obligate relationships with psyllid 
hosts just as it was confirmed for their primary endosymbiont. This is possibly 
applicable to the entire superfamily Psylloidea. 
The principal natural enemies of psyllids, parasitoids belonging to the Psyllaephagus 
genus (Hymenoptera: Encyrtidae), were prominent in up to seven species of 
Cardiaspina psyllids and in one species of related Spondyliaspis (Chapter 5). 
Psyllaephagus appeared to be characterised by the presence of cryptic species. 
Diversification of Psyllaephagus was largely comprised of patterns of host 
specialisation and host switches between co-occurring hosts, while the generalist 
hyperparasitoid Coccidoctonus psyllae (Hymenoptera: Encyrtidae) codiverged with 
its primary parasitoid host complex suggesting potential ongoing speciation in this 
hyperparasitoid species. The high degree of specialisation suggested that the 
generalist strategy of parasitoids is likely to be rare even amongst closely related 
hosts, such as the Cardiaspina species of this study, and that parasitoid species 
richness is probably much higher than currently estimated. 
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This PhD thesis has unravelled major factors and processes influencing population 
dynamics, community structure and biodiversity of Australian native psyllids that are 
of ecological significance due to their outbreak potential on Eucalyptus. Population 
dynamic studies of outbreaking species are important for predictions of future insect 
outbreaks, in particular as the frequency and intensity of insect outbreaks are 
expected to increase with climate change.  
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Chapter 1 
General Introduction 
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1.1 Insect population dynamics 
1.1.1 Processes influencing population dynamics and community structure 
Explaining patterns of distribution and abundance of species in nature remains one of 
the largest challenges facing ecologists, in particular in times of massive changes due 
to climate change, globalisation and habitat degradation or loss. The major factors 
and processes influencing population dynamics and community structure include 
climate, competition, resource limitation, natural enemies and other trophic and non-
trophic interactions (such as with microbial symbionts) (Hunter & Price, 1992; 
Ohgushi et al., 2012). Untangling interactions between and within these factors and 
processes, and their relative importance in shaping species distribution and 
abundance, is a daunting task, and has been properly addressed in a few exceptional 
studies (Menge, 1976; Joern & Gaines, 1990; Karr et al., 1992; McGeoch & Price, 
2005). Ultimately, many ecological drivers will act simultaneously to determine 
patterns in natural communities (Southwood, 1975; Leibold, 1989), and the dominant 
drivers will vary within and between systems (Hunter & Price, 1992; Karr et al., 
1992; Power, 1992). Therefore, further investigations and measurement of ecological 
drivers will increase our understanding of population dynamics and community 
structure. 
In studies of plant – insect interactions, one of the most fascinating debates deals 
with the factors and processes underlying outbreak events (Kessler et al., 2012). 
Research on insect outbreaks is challenging because it is often opportunistic and 
hypotheses are often difficult to test by using a replicate design. Insect species with 
outbreak potential make up a very small minority of the total insect fauna (an 
estimated 0.8 % of forest species), and most outbreaking species are at low 
population densities in any one location most of the time (Price et al., 2011). To date, 
more outbreak studies have been performed on Northern Hemisphere species, in 
particular defoliating moth and bark beetle species (Bylund, 1999; Økland et al., 
2005), and in forest plantations and agricultural systems (Yang, 2012). Less 
information has emerged from Southern Hemisphere forests. Furthermore, there is a 
paucity of information regarding the potential contribution of sap-feeding insects to 
herbivory (Nooten & Hughes, 2013), while it has been suggested that their impact on 
plant performance is in fact greater than that of folivorous insects (Zvereva et al., 
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2010). Further compounding the challenge to classify and rank the underlying factors 
and processes influencing outbreaks is the fact that different insect species and 
ecosystems respond in different ways (Faeth, 1987; Yang, 2012). 
 
1.1.2 Psyllids and their significance 
Psyllids (Hemiptera: Psylloidea), also known as jumping plant-lice, are small sap-
feeding insects belonging to the hemipteran suborder Sternorrhyncha. The most 
recent classification of psyllids consists of eight families: Aphalaridae, Carsidaridae, 
Calophyidae, Homotomidae, Liviidae, Phacopteronidae, Psyllidae and Triozidae, 20 
subfamilies and around 3,850 species (Burckhardt & Ouvrard, 2012). Australian 
psyllids comprise approximately 15 % of all described species (Yen, 2002; Hollis, 
2004). The majority of Australian psyllids belong to the Spondyliaspidinae and 
Acizziinae subfamilies, which are primarily associated with Eucalyptus and Acacia, 
respectively (Yen, 2002; Austin et al., 2004). 
Psyllids are amongst the most feared biosecurity threats in agriculture, forestry and 
urban landscapes (Percy, 2000; Paine et al., 2011). Worldwide there are 
approximately forty species of economically significant psyllids (Hail et al., 2012). 
The best studied species are found on horticultural crop plants, and are vectors of 
important plant pathogens; including Bactericera cockerelli Sulc (Hemiptera: 
Triozidae) which is a vector of “Candidatus Liberibacter solanacearum” that causes 
Zebra chip disease on potato (Solanum tuberosum L.) (Liefting et al., 2009), and 
Diaphorina citri Kuwayama (Hemiptera: Liviidae) which transmits “Candidatus 
Liberibacter asiaticus” that causes Citrus greening disease (Huanglongbing) on citrus 
(Hall et al., 2013). 
Eucalypt psyllids can also be of major economic importance, although there are no 
known plant pathogens transmitted by eucalypt-feeding psyllids. Eucalypts of the 
genera Eucalyptus and Corymbia are the most widely planted hardwood species in 
the world, and used for reforestation, high quality wood and paper production 
(Turnbull, 1999). Several of these species can suffer attack from psyllids. For 
example, Ctenarytaina eucalypti Maskell (Hemiptera: Aphalaridae) is considered a 
major pest of Eucalyptus globulus Labill. plantations in Europe (Valente et al., 
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2004), and Glycaspis brimblecombei Moore (Hemiptera: Aphalaridae) has caused 
serious damage to Eucalyptus camaldulensis Dehnh. plantations in California and 
South America (Brennan et al., 1999). While tree mortality seldom occurs, heavy 
infestations by eucalypt psyllids can result in tree dieback, stunted growth and can 
cause trees to become more susceptible to secondary attacks by other insects (e.g. 
wood boring insects) or fungi (Collett, 2001). 
Cardiaspina Crawford spp. are the most damaging of eucalypt psyllids; their feeding 
activity results in leaf discolouration and necrosis, followed by severe defoliation and 
dieback. During severe and prolonged or repeated infestations tree mortality can 
occur (Clark, 1962; White, 1970; Morgan & Bungey, 1981; Campbell, 1992; Taylor, 
1997; Nismah, 2008; Steinbauer et al., 2014). Furthermore, Cardiaspina fiscella 
Taylor (Hemiptera: Aphalaridae) has spread to New Zealand resulting in massive 
damage to Eucalyptus saligna (Sm.) and Eucalyptus botryoides (Sm.) plantations 
(Withers, 2001), with more recent reports also from Norfolk Island (Australian 
Government Department of Agriculture, 2014). 
 
1.1.3 Effect of temperature on insects 
Climatic factors have a major bearing on insect population dynamics. Temperature, 
in particular, has both direct and indirect impacts on the development, survival, 
reproduction, voltinism and distribution of many species (Klapwijk et al., 2012). 
Examples of direct temperature effects include accelerated larval development, as 
seen for the Eucalyptus leaf beetle species Paropsis atomaria Olivier (Coleoptera: 
Chrysomelidae) (Gherlenda et al., 2015). Warmer winter temperatures have been 
linked to increased survival and thereby enabled range expansion of a skipper 
butterfly Atalopedes campestris Boisduval (Lepidoptera: Hesperiidae) (Crozier, 
2004). Temperature dependence of egg maturation and oviposition may also 
influence fecundity, as was found in Pararge aegeria Linnaeus (Lepidoptera: 
Nymphalidae) (Berger et al., 2008). Extreme temperatures, in contrast, are more 
likely to have deleterious effects on insects; for example, very high summer 
temperatures and low winter temperatures may increase mortality and retard 
development (Parker et al., 1999; Musolin et al., 2010). 
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Temperature can also impact insect herbivores indirectly through its effects on host 
plants and natural enemies, resulting for example in asynchronous phenology 
(Klapwijk et al., 2012). Sensitivity to the effects of temperature is likely to increase 
with trophic levels, and thus natural enemies might be more affected by temperature 
changes than their host/prey species (Hance et al., 2006; Berggren et al., 2009). A 
loss of synchrony between enemy and herbivore life cycles might affect availability 
of host/prey, and could occur as a result of temperature changes, or a natural 
temperature gradient over the range of a host (Van Nouhuys & Lei, 2004). Warmer 
temperatures can also influence the activity of insects, which might result in an 
increase in natural enemy searching and attack rates, especially when the host/prey is 
relatively sessile (Klapwijk et al., 2012). Lethal temperatures might also be felt 
greater by higher trophic levels, as they may suffer increased mortality as a direct 
consequence, and indirectly through the increased mortality of their hosts (Hance et 
al., 2006). 
 
1.1.4 Effect of temperature, rainfall and nutrient fluxes on psyllids 
Psyllid populations have been shown to be impacted by temperature. Diaphorina 
citri was found to have an optimum temperature range of 25 – 28 °C. At lower 
temperatures its development was retarded and fecundity was reduced, and at 10 °C 
and 33 °C, nymphs failed to develop (Liu & Tsai, 2000). Extremely high 
temperatures can result in increased mortality (Geiger & Gutierrez, 2000) and 
reduced fecundity (Clark, 1962). Indirectly, temperature and rainfall combined have 
been demonstrated to influence population abundance of flush-feeding D. citri via 
availability of flush foliage (new growth) (Tsai et al., 2002). Below average 
temperatures and above average rainfall was suggested to be the prevailing influence 
of Cardiaspina albitextura Taylor (Hemiptera: Aphalaridae) outbreaks, at least in 
part due to restrictions imposed on the synchrony of host and parasitoid life cycles 
(Clark, 1962, 1964b). 
Temperature appears to play an important role in psyllid outbreaks: outbreaks of C. 
albitextura in the Tablelands region of New South Wales were observed to occur 
more frequently and with greater persistency when summer temperatures were cooler 
than usual and rainfall was higher (Clark, 1962). Ctenarytaina spatulata Taylor 
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(Hemiptera: Aphalaridae) has been shown to peak in numbers on Eucalyptus grandis 
(W. Hill ex Maiden) in Brazil during colder months with low rainfall (de Queiroz 
Santana & Burckhardt, 2007). In Ireland, an outbreak of C. eucalypti was observed 
under wetter than normal conditions with a slightly warmer winter (Purvis et al., 
2002). The effect of above or below normal temperature conditions are likely species 
specific and may depend on the optimal temperature range of the taxa. The influence 
of wetter than normal conditions relates to the plant stress hypothesis (White, 1969) 
and pulsed stress hypothesis (Huberty & Denno, 2004). These propose that host trees 
are more susceptible to attack by sap-feeding insects during periods of stress (i.e. 
drought and/or water-logged) due to an accumulation of solutes in the phloem sap, 
including sugars and amino acids (Merchant et al., 2010). Nitrogenous compounds 
are a limiting factor for most insect species as essential amino acids and proteins are 
involved in growth, development and reproduction (Mattson, 1980). However, 
phloem sap (as psyllid diet) is richer in sugars than amino acids, so it is assumed that 
any increase in amino acid content will be beneficial to phloem-feeding insects and 
promote their propagation (White, 1969; Taylor, 1997). 
An alternative mechanism that may promote development of outbreaks of flush-
feeding species is the plant vigour hypothesis, which relates to an increase in new 
plant growth and therefore quantity of available resources (Price, 1991). It is likely 
that flush-feeding species such as Glycaspis and Ctenarytaina (Hemiptera: 
Aphalaridae) will be benefited by both plant stress and plant vigour in wetter than 
normal conditions, while senescence-feeding species such as Cardiaspina will be 
benefited more directly by plant stress that may result in hastened senescence (White, 
1993; White, 2009). 
 
1.1.5 Competition and resource limitation 
Competition is a major process influencing population abundance of insect 
herbivores, and can be interspecific (between species) or intraspecific (within 
species) (Price et al., 2011). Interspecific competition, for example, has been 
demonstrated between Platyptilia williamsii Grinnell (Lepidoptera: Pterophoridae) 
and Philaenus spumarius Linnaeus (Hemiptera: Aphrophoridae), whereby the 
damage caused by the P. williamsii resulted in an increased desiccation and mortality 
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of P. spumarius nymphs (Karban, 1989). Another example of interspecific 
competition exists between two gall-inducing aphid species, whereby the galls 
induced by one species acted as a strong carbohydrate sink that reduced the 
availability of nutrients and resulted in high mortality of a co-occurring species 
(Inbar et al., 1995). Intraspecific competition resulting in starvation has been 
reported for Cameraria hamadryadella Clemens (Lepidoptera: Gracillariidae) 
feeding on Quercus alba (L.) (Connor & Beck, 1993), and Averill and Prokopy 
(1987) reported mortality of Rhagoletis pomonella Walsh (Diptera: Tephritidae) 
larvae resulting from competition within host fruits Crataegus mollis (Torr. & A. 
Gray) Scheele. 
Intraspecific competition resulting in starvation is most often likely a result of 
density dependent resource limitation, and this has certainly been documented in 
insect herbivore outbreaks (Harrison, 1994; Aukema et al., 2008). However, the 
influence of resource limitation on herbivorous insect outbreaks is unclear and 
widely debated because severe defoliation is rare (Hairston et al., 1960; Abbott, 
2012). 
Intraspecific competition resulting in density dependent herbivore mortality can also 
result in increased mortality of parasitoids. In fact, in some cases it has been found 
that mortality is higher in parasitised than unparasitised hosts (Ives & Settle, 1996; 
Morse & Chapman, 2015). However, there are also examples where parasitised hosts 
were less susceptible to competition than unparasitised hosts (Wajnberg et al., 1985; 
Bernstein et al., 2002), which has been suggested to be a result of lower metabolic 
requirements of parasitised hosts (Bernstein et al., 2002). 
 
1.1.6 Psyllid competition and resource limitation 
Studies of interspecific competition of psyllids are rare. However, greater mortality 
has been observed for Arytaina spartiophila when kept with Arytaina genistae 
Latreille (Hemiptera: Psyllidae) in cage experiments (Watmough, 1968). 
Intraspecific competition has received more attention although cases of both negative 
and positive feedback have been found. Hodkinson and Hughes (1982) reported 
greatly increased survival of Australian Eucalyptus psyllids with increased nymph 
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density on leaf discs, and suggested that feeding by psyllids altered the foliage such 
that it became a higher quality food source. Supporting this idea was the finding that 
individuals of a gall-forming psyllid were larger when they shared leaves with 
conspecifics (Heard & Buchanan, 1998). In contrast, at least two species of 
Eucalyptus psyllids, C. albitextura and Ctenarytaina thysanura Ferris and Klyver 
(Hemiptera: Aphalaridae), have been associated with such high densities that 
available sites for feeding and oviposition became limited and therefore egg laying 
and subsequent population size was reduced (Clark, 1964a; Mensah & Madden, 
1992). In outbreak incidences of eucalypt psyllids in Australia, it appears that the 
primary reason for the eventual fall in population numbers has been the depletion of 
available resources, i.e. defoliation (Collett, 2001). 
 
1.1.7 Impact of natural enemies 
Insect herbivores have a diverse range of natural enemies which include parasitoids, 
parasites, pathogens and predators. Parasites, such as mites, live off their hosts, 
weakening their fitness without killing it, while the other three types of antagonists 
are mortality agents. Parasitoids, mostly wasps, feed off their living hosts, but 
ultimately they kill the host. Pathogens, such as bacteria, fungi and viruses, are 
disease-causing agents. Predators, such as dragon flies, praying mantids and spiders, 
capture and eat their prey. 
Parasitoids have been suggested to be the most significant natural enemies (Hawkins 
et al., 1997) and will be the focus here. Parasitoids are widespread and hyperdiverse, 
and they can significantly impact host population densities (Godfray, 1994; Hassell, 
2000). However, and in particular in natural systems, host – parasitoid food webs are 
often complex with multiple interacting species across multiple levels (for example 
the aphid – parasitoid food web in Fig. 1.1). One of the most challenging aspects of 
studying parasitoids arises from their high species diversity combined with diversity 
of trophic interactions (Price et al., 2011). Throughout this thesis, parasitism is 
defined as the relationship between species, whereby one species benefits at the 
expense of the other, while parasitisation is defined as the condition of being 
parasitised. Trophic interactions of parasitoids include intrinsic competition (i.e. 
between developing parasitoid larvae on or inside the same host) (Harvey et al., 
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2013), such as superparasitisation, where the same host is parasitised by the same 
species of parasitoid (Van Alphen & Visser, 1990), and multiparasitisation, where 
the same host is parasitised by different species of parasitoids (Fisher, 1961). There 
may also be antagonistic interactions between parasitoid species, such as 
hyperparasitisation, where the secondary parasitoid species, or hyperparasitoid, 
parasitises a primary parasitoid (Sullivan, 1987). Hyperparasitism can take different 
forms; obligate hyperparasitoids always behave as secondary parasitoids, facultative 
hyperparasitoids may behave as primary (attacking the host directly) or secondary 
parasitoids, and heteronomous hyperparasitoids with different host relationships for 
male and female individuals (Hunter & Woolley, 2001). The interactions between 
parasitoid species are very important for the overall impact on host populations, and 
often result in reduced host suppression (Loch & Zalucki, 1998; Van Nouhuys & Lei, 
2004). In natural systems especially (and in contrast to biological control), 
parasitoids and other natural enemies are often unsuccessful in preventing or 
controlling outbreaks of their host (or prey) because they are themselves impacted by 
their own natural enemies, such as hyperparasitoids and higher order predators 
(Rosenheim, 1998). 
 
Figure 1.1: Feeding links in aphid–parasitoid 
food web; the aphid host (A) is attacked by 
two clades of primary parasitoid (B), 
Braconidae, Aphidiinae, and (C) Aphelinidae, 
which themselves are attacked by ‘true’ 
hyperparasitoids (D) Cynipidae, Alloxystinae, 
and after mummification by a guild of 
‘mummy parasitoids’ including genera of 
Megaspilidae (E) and Encyrtidae (F). Image 
taken from Hrček and Godfray (2015). 
 
One key paradigm regarding parasitoids, as well as other natural enemies, has been 
the early popular view that parasitoids would increase parasitisation in response to an 
increase in host density, and only then they would be able to effectively control hosts 
(Nicholson, 1933). This later became known as density dependence (Smith, 1935), 
and was considered a cornerstone of biological control (Huffaker et al., 1971). 
However, density dependence is rarely detected in nature (Morrison & Strong, 1980; 
Stiling, 1987). While there is now evidence demonstrating that density dependence is 
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not required to stabilise host populations (Hassell, 1984; Chesson & Murdoch, 1986), 
the reasons why it is rarely detected are not well understood. 
Parasitoid wasps, especially endoparasitoids which develop inside the living host, 
often have narrow host ranges as a result of their intimate physiological relationships 
to their hosts (Askew & Shaw, 1986). As a result of this, cospeciation might be 
expected in specialised food webs due to coevolutionary interactions (Harvey et al., 
2013; Hrček & Godfray, 2015). It might also help explain the extreme diversification 
of herbivores and parasitoids, whereby herbivores escape parasitoids by shifting to 
new host plants, which in turn results in subsequent parasitoid diversification 
(Stireman et al., 2006; Forbes et al., 2009). Very few studies have investigated 
cospeciation between insect hosts and their parasitoids (but see Lopez-Vaamonde et 
al., 2005; Deng et al., 2013; Peralta et al., 2015). 
 
1.1.8 Natural enemies of psyllids 
While there are generalist predators that will consume psyllids, such as insectivorous 
birds, predatory insects (e.g. hoverflies, lady beetles, lace wings) and spiders, their 
principal natural enemies are encyrtid parasitic wasps, mainly belonging to the genus 
Psyllaephagus Ashmead (Riek, 1962b). This genus has been taxonomically 
neglected (likely due to its tremendous diversity and lack of morphological 
characters). This genus includes both primary parasitoids and hyperparasitoids (Riek, 
1962b). It is estimated that only a very small part of the total diversity of 
Psyllaephagus spp. have currently been described (Noyes & Hayat, 1994). 
Psyllid natural enemies are expected to play an important role in regulating psyllid 
numbers when they are in low population abundance (Farr, 1992). However, it does 
not appear that they are effective in suppressing psyllid populations during natural 
outbreaks (Collett, 2001). It has been suggested that the reason these parasitoids are 
relatively ineffective when psyllid numbers are high is that the climatic conditions 
which benefit psyllid populations negatively impact the parasitoids; mainly due to 
host-parasitoid synchronisation issues (Clark, 1962). In addition, once an outbreak 
has begun, high percentage of hyperparasitisation appears to be generally associated 
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with high psyllid numbers (Clark, 1962; Collett, 2001), which further represses 
primary parasitoid numbers. 
Overseas, parasitoids have been used effectively in biological control of invasive 
Australian psyllids: a Psyllaephagus sp. has been used to control C. eucalypti 
numbers in several African and European countries (de Queiroz Santana & 
Burckhardt, 2007). In California Psyllaephagus pilosus Noyes (Hymenoptera: 
Encyrtidae), has been used with much success in the control of C. eucalypti. 
Psyllaephagus bliteus Riek (Hymenoptera: Encyrtidae) has been released throughout 
California in an attempt to reduce the numbers of G. brimblecombei with varying 
success, thought to be related to a bacterial symbiont infection (Hansen et al., 2007) 
of the psyllid host and/or regional climatic differences in temperature (Daane et al., 
2012). 
Density dependence of parasitisation in psyllid parasitoids has received very little 
attention. Clark (1964b) attributed his finding of inversely density dependent 
parasitisation by different primary parasitoid species on populations of C. albitextura 
during an outbreak to hyperparasitisation and breakdown in host – parasitoid 
synchrony. Another study also reported that hyperparasitoids were the most likely 
reason for parasitisation not being correlated to psyllid lerp abundance (Steinbauer et 
al., 2015). A lack of density dependent parasitisation by Psyllaephagus yaseeni 
Noyes (Hymenoptera: Encyrtidae) on Heteropsylla cubana Crawford (Hemiptera: 
Psyllidae) was speculated to be a result of the parasitoid not aggregating to higher 
psyllid densities, the wrong spatial scale was sampled in the study or the parasitoid 
was unable to reproduce quickly enough to keep pace with its host (Geiger & 
Gutierrez, 2000). 
Psyllid parasitoids may be useful for studies of coevolution and host specificity 
because they include taxa, such as the genus Psyllaephagus, which appears to have 
specialised and diversified on psyllids, and then taxa, such as a few species of the 
genera Metaphycus Mercet and Coccidoctonus Crawford (Hymenoptera: 
Encyrtidae), that appear to have switched from their prevalent scale-insect 
(Coccoidea) hosts to psyllids (Noyes & Hanson, 1996). Furthermore, all described 
species of Psyllaephagus are endoparasitoids (Noyes & Hanson, 1996), so they are 
more likely to be host specific. Little information is currently available about trophic 
15 
 
roles, diversification processes and host specificity of Psyllaephagus species 
(Steinbauer et al., 2015). 
 
1.1.9 Significance of bacterial symbioses of insects 
Bacterial symbionts are widespread among insects, and establishment of these 
associations has likely been a key aspect to the evolutionary success of many insect 
species (Moran & Baumann, 1994). Symbionts may contribute to their hosts’ 
digestion, communication, nutrition, protection against enemies and/or reproduction 
(Buchner, 1965; Dillon & Dillon, 2004). Gaining greater insight into the symbionts 
and their associated roles in pest (or potential pest) species can add to our 
understanding of insect ecology and evolution. 
Many insects contain primary bacterial endosymbionts (P-endosymbionts), which 
provide their hosts with nutrients that they could otherwise not obtain from their diets 
(Douglas, 1998; Moran et al., 2008; Moya et al., 2008). Most P-endosymbionts are 
expected to have ancient associations with their hosts. They are vertically transmitted 
and housed in specialised cells called bacteriocytes (Buchner, 1965; Baumann et al., 
1995). Associations between vertically transmitted P-endosymbionts and hosts are 
obligate, and as such, codiversification, over the course of host speciation events, is 
expected to result in matching host and symbiont phylogenies (Moran et al., 2008). 
Secondary bacterial endosymbionts (S-endosymbionts) are defined as endosymbionts 
which have been more recently acquired and can be located intra- or extracellularly 
in various locations within the host body. They are primarily transmitted vertically, 
but horizontal transmission can occur occasionally (Buchner, 1965; Feldhaar, 2011). 
The roles of S-endosymbionts are largely unknown; however they have been 
suggested to be involved in host functions including immunity development, aid in 
food digestion, protection against parasitoids and reproductive manipulation (Oliver 
et al., 2003; Dillon & Dillon, 2004; Dunbar et al., 2007; Feldhaar, 2011; 
Beukeboom, 2012). 
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1.1.10 Bacterial endosymbionts of psyllids 
Symbionts can facilitate access to otherwise restrictive ecological niches and to diets 
deficient in nutrients (Tamames et al., 2007), such as amino acid limited phloem 
(Buchner, 1965). The P-endosymbiont of psyllids, “Candidatus Carsonella ruddii” 
(hereafter referred to as Carsonella), is believed to supplement its insect host’s 
essential amino acid deficient diet (Thao et al., 2000a). However, the degree to 
which Carsonella is capable of performing this function is still unresolved, and has 
not yet been experimentally tested. Carsonella has a highly reduced genome, 
indicative of a long coevolutionary history with its hosts. At a mere 160 kb, it was 
the smallest bacterial endosymbiont genome when first sequenced (Tamames et al., 
2007); it is an extreme example of genome size reduction that has led to the loss of a 
number of genes thought to be essential for its role in provisioning its host with 
essential amino acids (Tamames et al., 2007; Sloan & Moran, 2012). 
A long-term coevolutionary association between Carsonella and psyllids has been 
reported based on congruent phylogenies (Thao et al., 2000b; Thao et al., 2001). 
However, this conclusion was based on the partition homogeneity test, which may 
not be appropriate as a measure of congruence (Barker & Lutzoni, 2002). 
Furthermore, it was based on specimens sampled only at a high taxonomic scale (i.e. 
only one or a few species of distant psyllid clades), where it is less likely for 
horizontal transmission to occur than at a low taxonomic scale between closely 
related psyllid species (Clark et al., 2000). 
Information about the role, diversity and codivergence patterns of S-endosymbionts 
in psyllids is limited. It has been recently proposed that secondary endosymbionts 
within psyllids may coevolve along with the P-endosymbiont and host, and may be 
complementing the P-endosymbiont, such that provision by both the P-endosymbiont 
and a S-endosymbiont, includes a complete set of essential amino acids (Sloan & 
Moran, 2012). Furthermore, Sloan and Moran (2012) found that the genomes of two 
S-endosymbionts in psyllids showed extensive genome reduction, a typical 
consequence of long-term evolution as vertically transmitted, intracellular bacteria. 
This also supports the earlier hypothesis that S-endosymbionts of psyllids represent 
ancient acquisitions and a long-term intracellular existence with their hosts 
(Spaulding & von Dohlen, 1998). 
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1.2 Molecular tools in community and evolutionary ecology 
1.2.1 Food web studies 
Community ecology investigates interactions between species that co-occur in 
communities, and includes the study of processes such as competition, mutualism, 
parasitism and predation. Food webs attempt to describe trophic relationships 
between interacting species and are hence a fundamental tool in community ecology 
(Polis & Winemiller, 1996), while non-trophic interactions may also be important 
(Ohgushi et al., 2012). Assembling food webs is a daunting task, especially given 
often poorly defined species boundaries and taxonomic challenges of species 
description (Hrček & Godfray, 2015). Observation is the more traditional method of 
assembling food webs and the quantitative assessment of interactions. However, for 
invertebrates this is often difficult owing to their small size, cryptic diversity, hidden 
nature or a combination of these characteristics (Harper et al., 2005). DNA barcoding 
has greatly enhanced species delimitation even if taxonomic expertise is limited. This 
is particularly important with many parasitoid wasps which are hyperdiverse and 
have been taxonomically neglected; as such only an estimated 1 % of parasitoid 
species have been described (LaSalle & Gauld, 1991; Godfray, 1994; Noyes & 
Hanson, 1996). 
DNA-based PCR approaches, in particular multiplex PCR, have proven to be 
valuable tools for invertebrate food web studies. Multiplex PCR allows the 
simultaneous detection of multiple species or species groups by primers targeting 
specific short DNA sequences. The DNA gut content of predators has previously 
been analysed for prey species by multiplex PCR (Harper et al., 2005; Juen & 
Traugott, 2006). Multiplex PCR has also been successfully applied to host – 
parasitoid – hyperparasitoid food web studies (Gariepy et al., 2005; Traugott et al., 
2008; Rugman-Jones et al., 2011). 
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1.2.2 Coevolution studies 
Evolutionary ecology investigates how interactions within and between species 
evolved, in particular competitors, mutualists, parasites, pathogens, predators and 
prey. Coevolution arises when an evolutionary change in one species elicits a change 
in a tightly associated species (Janzen, 1980). Many species are only able to develop 
and reproduce by using a combination of their own genome and the genome of other 
species, and, as such, coevolution has shaped earth’s biodiversity (Thompson, 2005). 
Cospeciation is the parallel speciation of interacting species which, although not 
conclusive, does provide evidence for coevolution (Thompson, 2005; Cuthill & 
Charleston, 2012). The strongest evidence for cospeciation comes from phylogenetic 
inference where, due to their codiversification over evolutionary time, the 
phylogenies of tightly associated organisms are congruent (Fahrenholz, 1913; 
Legendre et al., 2002). Some of the best examples of cophylogenetic studies that 
have demonstrated strict cospeciation come from associations between P-
endosymbionts and their insect hosts (Baumann et al., 1997; Clark et al., 2000; Thao 
et al., 2000b; Downie & Gullan, 2005; Kuechler et al., 2013). 
Due to methodological advances and the perceived significance there has been an 
increase in published studies of cospeciation over the last two decades (Charleston & 
Libeskind-Hadas, 2014). Greater computing power, phylogenetic advancements and 
a rapidly growing interest and, therefore, demand, has resulted in the emergence of a 
number of increasingly robust cophylogenetic analysis packages, for example 
topology-based CoRe-PA (Merkle et al., 2010), Icong (de Vienne et al., 2007), Jane 
(Conow et al., 2010) and TreeMap 3 (Charleston & Robertson, 2002), and distance-
based Hommola cospeciation test (Hommola et al., 2009), PACo (Balbuena et al., 
2013) and ParaFit (Legendre et al., 2002). 
 
1.3 Research scope and aims 
The overarching theme of this thesis is the investigation of the factors and processes 
influencing population dynamics and community structure of Cardiaspina psyllids, 
with a focus on population outbreak dynamics, and multi-trophic interactions with 
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diverse bacterial endosymbionts and antagonistic parasitoid wasp species from 
ecological and evolutionary perspectives. 
The key specific aims of this research were to employ both field-based and 
molecular-based approaches to: 
• Determine the major factors and processes influencing population dynamics 
during the peak and decline of a significant Cardiaspina sp. outbreak. 
• Uncover parasitoid trophic roles in a host – parasitoid system that has 
previously not been extensively studied, and identify the main causes of 
parasitoid inhibition and lack of density dependent parasitisation during the 
peak and decline of a Cardiaspina sp. outbreak. 
• Test cospeciation of bacterial P- and S-endosymbionts across different 
taxonomic scales of psyllids, and to investigate the diversity, transmission 
and prevalence of S-endosymbionts, in particular within Cardiaspina species. 
• Investigate the diversity, trophic roles, host specificity and processes of 
diversification of parasitoids and hyperparasitoids of Cardiaspina hosts. 
The following section provides a more detailed outline of the study system and 
specific aims and hypotheses for the experimental chapters (Chapters 2 – 5). 
 
1.3.1 Study system: Cardiaspina psyllids and their associated parasitoids and 
endosymbiotic bacteria 
The Cumberland Plain Woodland (CPW) of Western Sydney has been experiencing 
a massive infestation by a species of psyllid belonging to the Cardiaspina genus 
(Fig. 1.2a) since 2009. CPW is listed as a critically endangered ecological 
community under the Threatened Species Conservation Regulation 2002; facing an 
extremely high risk of extinction in NSW in the immediate future (Major, 2009). The 
outbreak resulted in significant community concerns as the affected tree species, 
Eucalyptus moluccana (Roxb.) commonly known as Grey Box, is the dominant 
species in the region, and E. moluccana throughout a large portion of its distribution 
has been severely defoliated (Fig. 1.2b). This outbreak, although unfortunate because 
of its extensive damage to the endangered woodlands, provided an opportunity for a 
population dynamics study of a significant defoliator; to investigate the factors and 
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processes that may drive outbreaks of native forest insects in native ecosystems – an 
issue that is less frequently studied than insect pest issues in cropping situations. 
 
 
Figure 1.2: Cardiaspina sp. adult male (left) and female (right) that was in outbreak in the 
Cumberland Plain Woodland of Western Sydney a); and severe canopy defoliation caused by 
the outbreak on the host tree, Eucalyptus moluccana b). Photo credits: Markus Riegler a) and 
Aidan Hall b). 
 
Furthermore, given the propensity of some Cardiaspina spp. to reach very high 
abundance (Taylor, 1962), and therefore the availability of reported locations in past 
outbreaks, and ease of collection of large numbers of individuals from infested 
leaves, this genus became an obvious choice to address the specific aims of this 
thesis. 
Like most psyllids, the principal natural enemies of Cardiaspina are Psyllaephagus 
wasps, with described primary parasitoids and hyperparasitoids (Riek, 1962b). The 
hyperparasitoid, Coccidoctonus psyllae Riek (Hymenoptera: Encyrtidae), is also 
prominent in Cardiaspina systems (Riek, 1962a). The potential undescribed diversity 
of Psyllaephagus and the limited knowledge of the host specificity, trophic roles and 
capacity of these parasitoids to regulate their host populations made the Cardiaspina 
host – Psyllaephagus parasitoid – hyperparasitoid an appealing study system. 
While Carsonella is the bacterial P-endosymbiont of psyllids, and therefore proposed 
to be universal across all psyllid species, its presence has never been tested in 
Cardiaspina. Furthermore, the Cardiaspina genus is part of the Spondyliaspidinae 
a b 
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subfamily (of the family Aphalaridae) which is one of the most speciose subfamilies 
in Australia (Yen, 2002), making it a good genus to test cophylogenetic relationships 
of P- and S- bacterial endosymbiont across multiple taxonomic scales. 
 
1.3.2 Population dynamics of a Cardiaspina sp. outbreak 
In Chapter 2, the population dynamics of a major Cardiaspina sp. outbreak was 
investigated during its peak and decline. The specific aims of this study were to first 
characterise the biology of this previously undescribed Cardiaspina – E. moluccana 
interaction, and then to identify the factors and processes influencing population 
abundance and distribution of psyllids across selected study sites in the CPW. The 
expectation was that temperature (either cooler summer and/or warmer winter 
depending on the optimal temperature range of the psyllid species) and resource 
availability would be the principal mechanisms influencing abundance and 
distribution. Furthermore, the diversity and impact of parasitoid species were 
examined, with the expectation that parasitoids would not be as significant a driver 
of psyllid populations as temperature or resource availability. 
 
1.3.3 Constraints on parasitoid control of a Cardiaspina sp. outbreak 
One of the outcomes of the research presented in Chapter 2 was that parasitoids were 
ineffective in controlling the Cardiaspina sp. psyllid outbreak. Therefore, the aim of 
Chapter 3 was to explore the reasons for failed parasitoid control. To investigate the 
population dynamics of the parasitoids in this outbreak, it was required to ascertain 
their specific trophic roles (i.e. primary parasitoid or hyperparasitoid). A species-
specific multiplex PCR approach was applied to post-emergence mummies so that 
the outcome of parasitisation was known and residual DNA would reveal 
parasitisation, multiparasitisation or hyperparasitisation. Furthermore, this outbreak 
provided an opportunity to investigate why density dependent parasitisation might be 
rarely detected in nature. Therefore, Chapter 3 measured parasitoid response at a 
species-specific level and across multiple spatial scales to determine if density 
dependent parasitisation occurred, and with the expectation that it would not, likely 
reasons for its absence were investigated. The specific hypotheses of this chapter 
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were that, firstly, high levels of hyperparasitisation and constrained host – parasitoid 
lifecycle synchrony caused by temperature heterogeneity across the hosts’ 
distribution resulted in a failure of parasitoid top-down control in this outbreak. 
Secondly, that intraspecific competition resulting from host overabundance would 
result in high larval parasitoid mortality, as well as hyperparasitisation and host – 
parasitoid asynchrony would result in obscuring the detection of density dependent 
parasitisation. 
 
1.3.4 Evolutionary relationships of bacterial endosymbionts of psyllids 
Chapter 4 was at another scale (beyond a single psyllid species) and investigated the 
evolutionary relationships of psyllids and their bacterial endosymbionts. In this 
Chapter, cospeciation (indicative of a long-term coevolutionary history) between 
psyllids and Carsonella was tested across multiple taxonomic scales, within genus 
(Cardiaspina), within subfamily (Spondyliaspidinae), and across families 
(Aphalaridae, Calophyidae, Carsidaridae, Homotomidae, Liviidae, Psyllidae and 
Triozidae) by phylogenetic congruence. Furthermore, this study investigated the 
diversity, transmission and prevalence of bacterial S-endosymbionts, in particular of 
Cardiaspina psyllids, and assessed the hypothesis of long-term associations between 
S-endosymbionts and psyllids (Spaulding & von Dohlen, 2001; Sloan & Moran, 
2012) by phylogenetic congruence, nucleotide composition bias and accelerated 
evolutionary rates. It was expected that strict cospeciation between psyllids and 
Carsonella would be upheld across all taxonomic scales, and that a long-term 
association with S-endosymbionts would be demonstrated by universal presence of 
vertically transmitted S-endosymbionts exhibiting phylogenetic congruence with 
their hosts, AT-biased nucleotide composition and accelerated evolutionary rates. 
Furthermore, phylogenetic congruence of Carsonella and psyllids would suggest that 
Carsonella DNA could be used as a valuable additional genetic marker for 
recognising taxonomic relationships of psyllids and delineating species. 
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1.3.5 Diversity and host specificity of Cardiaspina parasitoids 
In the final experimental chapter, Chapter 5, parasitoids of Cardiaspina were 
assessed over a broader host range to determine the diversity of species, their trophic 
roles, host specificity and diversification. This was achieved by a combination of 
DNA barcoding, the multiplex PCR approach developed in Chapter 3, and 
cophylogenetic analysis. It was expected that DNA barcoding would reveal cryptic 
species diversity within the Psyllaephagus genus, and cophylogenetic analysis would 
demonstrate that this was driven mostly by a high degree of host specialisation. It 
was also expected that this high level of host specialisation would have constrained 
morphological divergence, further resulting in the presence of cryptic diversity that 
can only be detected by molecular means. 
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Chapter 2 
Population dynamics of a Cardiaspina sp. 
outbreak 
This chapter was published as: 
Hall, A.A.G., Gherlenda, A.N., Hasegawa, S, Johnson, S.N., Cook, J.M. & Riegler, 
M. (2015) Anatomy of an outbreak: the biology and population dynamics of a 
Cardiaspina psyllid species in an endangered woodland ecosystem. Agricultural and 
Forest Entomology, 17, 292-301.  
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2.1 Abstract 
Climate, resource availability and natural enemies are pivotal factors influencing 
population fluctuations of insects. However, the principal factors underlying insect 
outbreaks, particularly in natural ecosystems, are still debated and may vary between 
species. We assessed the role of these factors on psyllid population dynamics during 
the peak and decline of a Cardiaspina psyllid outbreak in a critically endangered 
eucalypt woodland in Australia. Initially, this involved describing the field biology 
and ecology of a newly reported Cardiaspina species on Grey Box (Eucalyptus 
moluccana Roxb.). Within 1 year, the psyllid completed four generations. Its biology 
and parasitoid complex were similar to other Cardiaspina species during outbreaks. 
Minimum winter temperature was a key driver of psyllid development and density. 
Natural enemies did not prevent or control this outbreak. The outbreak resulted in 
area-wide and chronic defoliation of host trees. Resource depletion and summer heat 
waves impacting critical developmental stages of psyllids were the major factors 
responsible for the significant reduction of psyllid populations in early 2013. 
However, ongoing regeneration of trees in the highly fragmented woodlands may 
allow recolonisation of new foliage and chronic infestations to continue.  
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2.2 Introduction 
Description and analysis of insect population explosions are essential for improving 
our capacity to predict the commencement, progression and collapse of insect 
outbreaks (Abbott, 2012). Research aiming to investigate insect outbreaks in natural 
ecosystems such as forests is often opportunistic and challenging with regard to 
replication because such outbreaks are sporadic and can also start locally and 
progress quickly, although there are examples with respect to periodicity (Esper et 
al., 2007) and spatial synchrony (Liebhold et al., 2012). The most likely drivers of 
insect population fluctuations are climate, resource availability and natural enemies 
(Andrewartha & Birch, 1954); however, their relative roles in driving insect 
outbreaks in natural ecosystems remain a matter of debate, particularly because they 
are rarer than in more managed systems (Faeth, 1987; Klapwijk et al., 2012). 
Temperature, in particular, is a major driver of variation in insect population sizes as 
a result of its direct impact on development, survival, reproduction, voltinism and 
distribution of insects (Dingle, 1968; Taylor, 1981; Steinbauer et al., 2004; Forster et 
al., 2011); it has therefore been suggested that the number of insect outbreaks will 
increase with climate change as a result of global warming (Coley, 1998; Logan et 
al., 2003). Significant efforts have been made to define and rank the factors 
influencing outbreak dynamics of individual insect species, in particular defoliating 
moth and bark beetle species (Baltensweiler et al., 1977; Elkinton & Liebhold, 1990; 
Bylund, 1999); however, attempts to address this issue more generally have failed, 
most likely because different insect species and ecosystems may respond in different 
ways (Faeth, 1987; Yang, 2012). Therefore, data from individual case studies are 
essential for further developing and broadening our basic understanding of insect 
outbreaks. In particular, there are a limited number of studies in natural 
environments, as opposed to better documented pest dynamics in forest plantations 
and agricultural systems (Yang, 2012). A larger number of studies have emerged 
from temperate Northern Hemisphere regions (Økland et al., 2005). Less information 
about outbreak dynamics is available from Southern Hemisphere forests; 
furthermore, fewer studies have examined outbreaks in forests driven by plant sap-
feeding insects rather than chewing insects. 
The present study focused on an outbreak of a native Cardiaspina psyllid in an 
Australian eucalypt woodland heavily fragmented and surrounded by urban and peri-
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urban environments. Psyllids, also known as jumping plant-lice, are tiny sap-feeding 
insects belonging to the hemipteran suborder Sternorrhyncha. This group is highly 
diverse in Australia and mostly associated with two diverse genera: Eucalyptus and 
Acacia (Hollis, 2004). Heavy infestations of eucalypts by psyllids can result in 
significant tree dieback, stunted growth and increased susceptibility to secondary 
attacks by other insects or fungi (Collett, 2001). Psyllid outbreaks have been 
recorded to occur regularly in native forest environments of southern Australia 
(Hodkinson, 2009) and have also been recorded for the genus Cardiaspina (Clark, 
1962; White, 1970; Campbell, 1992). A number of Australian psyllid species have 
become major pests elsewhere (Paine et al., 2011). For example, Ctenarytaina 
spatulata Taylor (Hemiptera: Aphalaridae) is considered to be a major invasive pest 
of blue gum plantations in Europe (Valente et al., 2004) and Glycaspis 
brimblecombei Moore (Hemiptera: Aphalaridae) has caused serious damage to red 
gum plantations in California and South America (Brennan et al., 1999; de Queiroz 
Santana & Burckhardt, 2007). 
Over consecutive years from 2009 to 2013, the Cumberland Plain Woodland (CPW) 
of Western Sydney in New South Wales has experienced massive infestations by a 
psyllid species of the Cardiaspina genus. Cardiaspina spp. are the most damaging of 
eucalypt psyllids (Collett, 2001); the nymphs’ plant sap-feeding activity on leaves 
results in leaf discolouration and necrosis, followed by defoliation and dieback. Tree 
mortality can also occur subsequent to severe, prolonged or repeated infestations 
(Clark, 1962; Taylor, 1997; Nismah, 2008). Cardiaspina fiscella Taylor (Hemiptera: 
Aphalaridae) is currently the only invasive member of the genus known to exist 
outside of Australia; it has caused extensive damage in Eucalyptus plantations in 
New Zealand (Withers, 2001). 
CPW is listed as a critically endangered ecological community under the Australian 
Threatened Species Conservation Regulation 2002, facing an extremely high risk of 
extinction in the immediate future (Major, 2009). At present, there is approximately 
11,000 ha of highly fragmented CPW remaining, which is less than 9% of the 
distribution prior to European settlement (Tozer, 2003). The outbreaking psyllid 
species in Western Sydney feeds specifically on Eucalyptus moluccana, commonly 
known as Grey Box, a dominant tree species in the region and characteristic of the 
CPW yet more widely distributed in eastern Australia (Boland et al., 2006). 
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Throughout a large portion of its distribution in the CPW, E. moluccana has been 
severely defoliated as a result of psyllid infestation, and continuous defoliation could 
lead to significant tree mortality. Outbreaks of a Cardiaspina species on E. 
moluccana have not been reported in the literature previously. 
This outbreak of a Cardiaspina sp. began in the spring of 2009 in a core area around 
the Mt Druitt and the Plumpton suburbs of Blacktown in Western Sydney. We 
extensively surveyed the psyllid populations and their effects on tree health from 
March 2012 to November 2013. The present study aimed to characterise this new 
Cardiaspina and E. moluccana interaction, and to determine the main biotic and 
abiotic factors influencing the population dynamics during the peak of this outbreak 
and any subsequent decline. Temperature is known to have a strong influence on 
aphid populations (Dixon, 1977) and has been reported to influence population 
abundance in psyllids (Laudonia et al., 2014). Outbreaks of Cardiaspina species are 
known to result in severe defoliation of their host plants (Clark, 1962) as a result of 
psyllid-induced leaf senescence (Steinbauer et al., 2014). Parasitoids and other 
natural enemies are often unsuccessful in preventing or controlling an outbreak of 
their prey in natural systems because they are themselves suppressed by their own 
natural enemies (Clark, 1962; Höller et al., 1993; Steinbauer et al., 2015). Based on 
previous studies, we predicted that temperature would be the strongest driver of 
population abundance, and also that resource depletion and high temperatures, but 
not parasitoids, would be key factors with respect to reducing the size of outbreaking 
populations. 
 
2.3 Materials and methods 
2.3.1 Data collection period and site description 
The present study was conducted between March 2012 and February 2014 at a time 
when E. moluccana across large areas of CPW were infested with psyllids. Five 
study sites across natural temperature gradient (Benson, 1992) were selected: 
Gleesons Trees Reserve (GTR, 33° 47′S, 150° 54′E), Peppermint Reserve (PR, 33° 
46′S, 150° 43′E), Plumpton Park (PP, 33° 45′S, 150° 50′E), Knudsen Reserve (KR, 
33° 41′S, 150° 51′E) and George Street Reserve in Bligh Park (BP, 33° 38′S, 150° 
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47′E) (Fig. 2.1). BP was originally chosen as a control site because preliminary 
analyses prior to the start of the present study revealed an absence of psyllids and no 
defoliation at this site. The rapid progression of this outbreak, however, had turned 
all sites into defoliated sites by the end of the surveying period. 
At each study site, four data loggers (DS1922L Thermocron iButtons; Thermodata, 
Australia) recorded temperature on an hourly basis to calculate the daily minimum 
and maximum temperatures, which were then averaged for each month. 
 
 
Figure 2.1: Location of the study sites within the Cumberland Plain (outlined) in Western 
Sydney, NSW, Australia. Only 9% of this area remains as fragmented Cumberland Plain 
Woodland, including the study sites represented by dots. BP, Bligh Park; KR, Knudsen 
Reserve; PP, Plumpton Park; PR, Peppermint Reserve; GTR, Gleesons Trees Reserve. 
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2.3.2 Psyllid identification and biology 
Psyllid specimens and lerps (protective casings excreted by nymphs) (White, 1970) 
were morphologically assessed with the Cardiaspina identification key developed by 
Taylor (1962). Three adult female Cardiaspina specimens were collected from each 
site for DNA barcoding of the mitochondrial cytochrome oxidase I (COI) for future 
reference. DNA was extracted using the Gentra Puregene Tissue kit (Qiagen, 
Germany) in accordance with the manufacturer’s instructions. The DNA extracts 
were subjected to a polymerase chain reaction (PCR) with primers C1-J-2441 (alias 
Dick) and TL2-N-3014 (alias Pat) (Simon et al., 1994) and the resulting PCR 
amplicons were directly sequenced. The sequence reads were analysed using 
SEQUENCHER, version 4.10.1 (Gene Codes Corporation, Ann Arbor, Michigan) 
and aligned using CLUSTALX2 (Larkin et al., 2007). Sequence divergence was 
calculated using the pairwise distance analysis in MEGA, version 6.05 (Tamura et 
al., 2013). 
At the five study sites, psyllid eggs and nymphs on leaves were monitored between 
March 2012 and March 2013, and adults on yellow sticky traps (Bugs for Bugs, 
Mundubbera, Australia) were monitored from May 2012 to May 2013. Psyllid 
nymph and egg densities were scored monthly on 24 fully expanded leaves (four 
leaves from six randomly selected trees) from each study site. For each leaf, counts 
of live and dead eggs, live nymphs (categorised by instars) and dead nymphs were 
performed under a stereo microscope. Nymphs were differentiated into the five 
instars based upon the degree of sclerotisation, wing pad morphology and size 
(Taylor, 1962). Eggs that were no longer viable were distinguished from live eggs by 
their paler colour. Leaf areas were measured using WinFOLIA Reg 2011 (Regent 
Instruments, Canada). Nymph and egg densities were calculated per cm2 leaf area 
and averaged by tree so that six replicates were available for each time point from 
each site. Four yellow sticky traps were placed at each site to monitor adult psyllids 
and were replaced every 2 weeks. The traps were scored under a stereo microscope 
for both adult male and female psyllids (Taylor, 1962). Co-occurring eucalypt 
species in the study sites, Eucalyptus tereticornis Sm. and Eucalyptus crebra F. 
Muell., were also observed for presence of Cardiaspina psyllids throughout the year. 
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In August 2012, freshly emerged adults were separated into four organza bags (mesh 
size 125 × 170 mm2) at each site. Each bag contained one female with two males. 
The number of eggs laid per female was counted, and the eggs were allowed to hatch 
and develop through to adulthood in the confinement of the organza bags. This 
approach allowed the estimation of fecundity and offspring sex ratio. The population 
sex ratios obtained from yellow sticky traps were contrasted with individual female 
offspring sex ratios to detect any sex specific differences in colour preference or any 
other sex-ratio distorting mechanisms. 
 
2.3.3 Survey of parasitisation rates and parasitoid characterisation 
From the 24 leaves collected monthly from each site, parasitised nymphs (mummies) 
without parasitoid exit holes were counted under a stereo microscope. To allow the 
emergence of parasitoids, leaves were incubated at room temperature in plastic zip-
lock bags for up to 14 days. The rate of parasitisation was then calculated as the 
number of emerged adult parasitoids divided by the previously recorded sum of live 
nymphs and mummies without exit holes per leaf; this was then averaged by tree to 
give six replicates per site. 
Emerged adult parasitoids were compared morphologically using the descriptions 
provided by (Riek, 1962b, a). DNA barcoding was performed for three female 
specimens of each parasitoid morphotype from each site using the mitochondrial 
cytochrome b (cytb) primers CB1 and CB2 (Jermiin & Crozier, 1994), using the 
same method applied to psyllid specimens. 
 
2.3.4 Survey of tree health and density 
The availability of fully expanded mature leaves is key for the oviposition and 
development of Cardiaspina psyllids (White, 1970). We used tree health as a 
surrogate parameter for resource availability, in accordance with an index-based 
scoring method developed by Martin et al. (2001) that had been adapted from 
Grimes (1978) and Lindenmayer et al. (1990). Tree health was monitored from May 
2012 to November 2013; every 3 months, canopy damage and general tree health 
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were assessed for 20 randomly selected trees per site. Scores for each parameter were 
totalled to give a health score ranging between 1 and 35. A score of less than 7 meant 
that the tree was completely defoliated with no signs of regrowth, and this was 
defined as dieback. 
A time series of aerial imagery from Nearmap (http://au.nearmap.com) was accessed 
to establish the approximate start of the defoliation of E. moluccana in the region, as 
well as in the study sites. Nearmap aerial images (Fig. A1) were used to estimate the 
density of E. moluccana in each site. This was achieved by counting defoliated trees 
and using the polygon area tool of Nearmap to calculate the site area. This density 
measure was undertaken on aerial images from August 2013 when site visits also 
corroborated that all E. moluccana were completely defoliated. Beyond the study 
sites, CPW fragments dominated by E. moluccana were identified using Cumberland 
Plain vegetation maps (New South Wales National Parks and Wildlife Service, 
2002). Nearmap images from February 2014 were used to identify whether trees 
within these fragments had been defoliated. By using this method, we were able to 
estimate the total area of E. moluccana dominated fragments in the CPW that had 
been defoliated by this outbreak in early 2014. 
 
2.3.5 Statistical analysis 
We tested for differences in temperature and psyllid abundance between sites by one-
way analysis of variance (ANOVA). Where differences were found, post-hoc 
comparisons consisted of Tukey’s honestly significant difference tests. The 
relationship between temperature and psyllid density was assessed by a linear mixed 
effects analysis of covariance model using the restricted maximum likelihood 
method to fit the data. Likelihood ratio tests were performed using backward 
stepwise selection. Time was considered as a fixed effect, temperature as a covariate 
and site as a random effect. The relationship between psyllid abundance and host tree 
density was assessed by simple linear regression of mean psyllid abundance in each 
site against tree density. The fecundity of females was compared between sites by 
one-way ANOVA. The percentage of dead nymphs, nonviable eggs and level of 
psyllid parasitisation was assessed by the Kruskal – Wallis nonparametric ANOVA. 
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Tree health data were assessed using repeated-measures ANOVA; this was 
confirmed by a test for equal variances. Percentage dieback was logit-transformed 
(Warton & Hui, 2011) and assessed by repeated-measures ANOVA. Post-hoc 
analyses were performed using Tukey’s honestly significant difference tests. All 
statistical analyses were conducted using R, version 3.0.2 (R Development Core 
Team, 2013). 
 
2.4 Results 
2.4.1 Psyllid identification and biology 
Although morphological analysis of specimens and lerps of Cardiaspina sp. from E. 
moluccana was ambiguous with regard to the identification key (Taylor, 1962), it 
revealed similarity with other species of this genus, in particular with Cardiaspina 
densitexta Taylor and Cardiaspina tenuitela Taylor. Therefore, for the purpose of the 
present study (starting in 2012), we referred to this species as the Grey Box 
Cardiaspina, the same species that was subsequently also studied by Steinbauer et al. 
(2014). DNA barcoding of the COI locus from adult specimens of the five sites 
delivered identical sequences for 14 specimens (GenBank accession number 
KJ879185), whereas one specimen from KR (GenBank accession number KJ879186) 
was different by 1%; this included six single nucleotide polymorphisms (SNPs) in a 
573 bp amplicon; SNPs were third codon positioned and represented synonymous 
transitions in five of six cases and one transversion. 
Within the study period of 1 year, the Grey Box Cardiaspina completed four discrete 
(non-overlapping) generations, with one autumn – winter generation, one spring 
generation and two summer generations (Fig. 2.2). Development occurred without 
interruption throughout the year, although it was slower during the colder months. 
Psyllid numbers peaked in the spring generation. From the sticky traps, the 
population sex ratio (51.9% females) did not differ significantly from 1:1 (F1,48 = 
0.07, P = 0.793) with adult males appearing shortly before adult females (Fig. A2). 
The analysis of offspring from individual females also had an even sex ratio (49.6%) 
(F1,38 < 0.01, P = 0.947). The mean ± SD number of eggs per female was 43.33 ± 
6.40 (n = 20) with a range of 1 – 195 eggs. Fecundity of individual females, 
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measured during the egg-laying period of the winter generation (August to 
September 2012) was not different across sites (F4,15 = 2.28, P = 0.072) (Fig. A3). 
The percentage of dead nymphs and nonviable eggs was different between the study 
sites over the survey period (H = 25.35, P < 0.001) as a result of higher mortality in 
GTR and PP (Fig. A4). At the peak of this outbreak (in September 2012), there were 
66 ± 21 (n = 120) nymphs per leaf, with a maximum scored of 1,611 nymphs on one 
large leaf (Fig. A5). 
 
 
Figure 2.2: Abundance of the Grey Box Cardiaspina eggs and nymphs combined (A) and 
adults (square-root transformed) (B), showing the mean ± SE across the five study sites. 
Eggs and nymphs were scored monthly on leaves, whereas adults were scored fortnightly on 
yellow sticky traps. Both abundance measures from leaves and sticky traps demonstrated that 
the Grey Box Cardiaspina achieved four generations in 1 year. 
 
2.4.2 Parasitisation rates and parasitoid identification 
Throughout the surveying period, the most abundant antagonists of the psyllids were 
specialist parasitoids. Total parasitisation rates reached a maximum of 40% 
(averaged across all sites) in November 2012 (Fig. A6) and were between 10% and 
30% throughout the observed period. Parasitisation was not found to be different 
between the sites over the survey period (H = 8.85, P = 0.075) (Fig. A6). 
Morphological examination of the parasitoids revealed three morphospecies; two 
shared features characteristic of the Psyllaephagus genus (Riek, 1962b), whereas the 
third appeared similar to the hyperparasitoid Coccidoctonus psyllae, commonly 
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associated with Cardiaspina (Riek, 1962a). DNA barcoding confirmed three distinct 
species, with higher haplotype diversity in Co. psyllae compared with both 
Psyllaephagus species (Table A1). 
In addition to these significant numbers of parasitoids, a number of psyllid predators 
were observed. The most common generalist predators observed on yellow sticky 
traps were spiders, coccinellids and syrphids; however, no data were collected on 
these. On leaves, syrphid larvae appeared to become highly abundant, in particular in 
GTR in October after the explosion of psyllid numbers in this site. 
 
2.4.3 Temperature profile and psyllid abundance 
The temperature loggers revealed significant differences in the mean daily minimum 
temperature profiles of the sites between June and October (2012) (F4,20 = 2.14, P = 
0.002) (Fig. 2.3A). GTR was significantly warmer than BP and KR from June to 
October 2012 and also appeared warmer than PR and PP (although non-significant). 
Mean daily maximum profiles did not differ between the study sites during the 
survey period (F4,55 = 0.06, P = 0.993). 
Linear mixed effects analysis, including site as a random effect, revealed a 
significant relationship between combined egg and nymph densities and mean daily 
minimum temperature from June to October 2012 (F1,43 = 7.23, P = 0.012) (Fig. 2.3). 
GTR had greater psyllid densities than PP, KR and BP from July to October 2012, 
and greater densities than PR in September and October 2012 (Fig. 2.3B). There 
were no differences in psyllid densities across sites prior to July 2012 (F4,15 = 3.55, P 
= 0.213). Adult density was found to be significantly greater in GTR and PR (the 
warmest sites) in July and August 2012 (F4,29 = 18.60, P < 0.0001). 
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Figure 2.3: (A) Mean ± SE daily minimum temperatures recorded from temperature loggers 
in the five study sites. The mean minimum temperature for each month was calculated from 
the daily averages between monthly leaf collection events for psyllid abundance scoring. 
Only months with significant differences between study sites are presented. (B) Mean ± SE 
Grey Box Cardiaspina egg and nymph abundances per cm2 leaf area. Only months with 
significant differences in abundance between sites are presented. Different lowercase letters 
refer to significantly different means (Tukey’s honestly significant difference). BP, Bligh 
Park; KR, Knudsen Reserve; PP, Plumpton Park; PR, Peppermint Reserve; GTR, Gleesons 
Trees Reserve. 
 
Adult emergence in winter (i.e. beginning late June 2012) was not synchronized 
across sites (Fig. 2.4). At the warmer sites, GTR and PR, adults emerged 
approximately 4 weeks earlier than at the cooler sites, KR and BP. PP was different 
because it followed the temperature regime of PR, although the adults appeared on 
the sticky traps at the same time as in KR and BP. For the spring generation (i.e. 
beginning early November 2012), adults in the warmest site, GTR, emerged 
approximately 2 weeks earlier than in the other four sites. For the two summer 
psyllid generations, adult emergence was synchronized across all study sites, 
whereas the temperature profile was not significantly different between sites during 
this period. 
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Figure 2.4: Abundance of Grey Box Cardiaspina adults (square-root values), scored 
fortnightly on yellow sticky traps; the generational synchronization of adult emergence 
between the five study sites is shown. BP, Bligh Park; KR, Knudsen Reserve; PP, Plumpton 
Park; PR, Peppermint Reserve; GTR, Gleesons Trees Reserve. 
 
2.4.4 Tree health and density 
For the tree health analysis, a highly significant decline in tree health (F6,24 = 29.72, 
P < 0.0001) was observed for E. moluccana from May 2012 to November 2013 (Fig. 
2.5A). Greatest canopy defoliation was observed in February 2013, before a 
regrowth period (May 2013) indicated that some of these previously completely 
defoliated trees were still alive. However, defoliation had increased again by August 
2013 (Fig. 2.5B), indicative of continuing psyllid activity. From May 2012 to 
November 2013, dieback (trees with an index score of less than 7) in the CPW 
increased seven-fold from 2% to 14% (F6,24 = 2.58, P = 0.045). 
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Figure 2.5 (A) Mean ± SE index scores for tree health of Eucalyptus moluccana in five 
Cumberland Plain Woodland study sites over 19 months. (B) Mean ± SE percentage dieback 
(percentage of E. moluccana trees with complete defoliation without signs of epicormic 
regrowth; logit transformed) in the same period. Different lowercase letters refer to 
significantly different means (Tukey’s honestly significant difference). 
 
Based on analysis of Nearmap aerial images, the five study sites were different in 
size and had different E. moluccana densities (Table A2). According to a regression 
analysis, there was no relationship between combined egg and nymph densities and 
host tree density (F1,3 = 3.60, P = 0.154) and no relationship between adult and host 
tree densities (F1,3 = 1.22, P = 0.350). Examination of combined egg and nymph 
densities and adult density against the ratio of E. moluccana to other eucalypt species 
did not detect any relationship (F1,3 = 0.71, P = 0.462; F1,3 = 0.09, P = 0.783). 
According to the time series of Nearmap images, PP was the first site to show signs 
of canopy defoliation in August 2010; PR had first signs of defoliation in September 
2011, whereas KR and GTR began showing signs of defoliation between February 
and May 2012. BP, which was initially included as a control site for the present study 
because of its healthy canopy in early 2012, also began showing signs of defoliation 
in May 2012. By February 2014, the area of E. moluccana stands that had suffered 
from severe defoliation was found to be approximately two-thirds of the total E. 
moluccana distribution in the Sydney region. 
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2.5 Discussion 
In the present study, we have characterised the biology of an Australian native 
psyllid species of the Cardiaspina genus and its interaction with E. moluccana 
throughout an outbreak period. The population explosion of Grey Box Cardiaspina 
has led to the defoliation of this dominant tree species over several thousand hectares 
of the critically endangered CPW of Western Sydney. We have analysed the extent 
of tree defoliation and the population dynamics of this psyllid species over 1 year, 
aiming to evaluate the relative role of abiotic and biotic factors when psyllid 
populations peaked and declined. We found that temperature and resource 
availability were the major drivers of this psyllid outbreak, whereas natural enemies 
were not a key factor in suppressing this outbreak. The present study confirms the 
findings obtained from previously described psyllid outbreaks, and provides more 
information about insect outbreaks in natural woodland ecosystems. In particular, it 
describes significant damage caused by a sap-sucking insect, a feeding guild that 
may be underestimated in its potential contribution to herbivory (Nooten & Hughes, 
2013). 
 
2.5.1 Area-wide defoliation of E. moluccana in CPW 
The outbreak of the Grey Box Cardiaspina species resulted in severe defoliation of 
approximately two-thirds of E. moluccana stands in the CPW. The damage was 
similar to that caused by other Cardiaspina species (i.e. first leaf discolouration 
underneath the lerp, premature leaf senescence and leaf necrosis followed by leaf 
shedding) (Steinbauer et al., 2014). Some epicormic regrowth followed the area-wide 
defoliation; however, this epicormic regrowth did not result in significant recovery of 
tree health during the surveying period of the present study. Given that Cardiaspina 
prefer fully expanded mature foliage for oviposition, young epicormic growth 
remained clear from attack (A.A.G.H and M.R, personal observations), as described 
for other Cardiaspina outbreaks (White, 1970; Clark & Dallwitz, 1975). 
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2.5.2 Grey box Cardiaspina 
The present study provides the first description of the biology of a Cardiaspina sp. 
attacking E. moluccana; it is therefore either a yet undescribed species or, 
alternatively, a new host range of a known Cardiaspina species. An unpublished 
report of a localized outbreak of a Cardiaspina species on E. moluccana in Mount 
Druitt exists from 1996 (T. Taylor, personal communication). Although no 
specimens were available for comparisons, this earlier report is indicative of this 
species in the region. The exact taxonomic classification of the Cardiaspina species 
was beyond the scope of the present study, in particular because there was ambiguity 
in its identification when using the Cardiaspina identification key and host 
description (Taylor, 1962), and this may require future revision of this genus. 
The biology of Grey Box Cardiaspina is similar to the biology of other Cardiaspina 
species (Clark, 1962). It completed four generations during this year-long study, 
which falls within the typical three to five generations per year described for C. 
fiscella and Cardiaspina maniformis Taylor (Campbell, 1992), Cardiaspina 
albitextura Taylor (Clark, 1962) and C. densitexta (White, 1970). The sex ratio was 
even at both individual and population levels, confirming that attractiveness to the 
yellow colour was not biased by sex. Fecundity was approximately 43 eggs/female, 
which is similar to that for C. densitexta with approximately 41 eggs/female (White, 
1970) and C. albitextura with approximately 61 eggs/female (Clark, 1962). Within 
the outbreak region, Grey Box Cardiaspina appeared host specific to E. moluccana 
because this species was not observed feeding on or ovipositing on co-occurring E. 
tereticornis and E. crebra. However this host specificity within the CPW may be a 
result of the absence of other closely-related box eucalypt species in this region, and 
host specificity of this Cardiaspina species will require further investigation. In 
general, although all Cardiaspina species are known to be specific to Eucalyptus, 
host specificity for individual Cardiaspina species is usually not restricted to just one 
Eucalyptus species (Taylor, 1962). 
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2.5.3 Parasitoids and other natural enemies 
The parasitoid complex consisted of three morphospecies of parasitoid wasps. Two 
belonged to Psyllaephagus Ashmead, the principal genus of psyllid parasitoids and 
hyperparasitoids (Riek, 1962b). The third was considered to be Co. psyllae, 
originally described as Echthroplexis psyllae, a common hyperparasitoid of 
Psyllaephagus attacking Cardiaspina (Riek, 1962a). According to Clark (1964a), 
predation and parasitisation could be expected to increase with declining psyllid 
numbers. However, we did not detect an increase of parasitisation during the decline 
of the Grey Box Cardiaspina populations. Hyperparasitisation has previously been 
suggested to have a major role in reducing the effectiveness of parasitoids during 
native insect outbreaks (Clark, 1964b; Höller et al., 1993; Frago et al., 2012; 
Steinbauer et al., 2015). It is likely that hyperparasitisation also sabotaged natural 
control of this outbreak. Future studies will need to address the functional roles of 
these parasitoid species, as well as their taxonomic classification and population 
genetic dimension (because the different species contained different levels of genetic 
diversity). 
Spiders, coccinellids and syrphids were the most commonly observed generalist 
predators during this outbreak, although no data were collected. Syrphid larvae, in 
particular, are voracious predators of psyllid nymphs (Campbell, 1992) but only once 
psyllid nymphs are at high densities (Moore, 1961; Clark, 1964b; Campbell, 1992). 
This pattern was also observed in one of our five study sites. In November 2012, 
GTR had changed from the most heavily infested psyllid site to almost nil psyllids 
after the observation of increased activity of syrphid larvae in October 2012. 
 
2.5.4 Temperature and Grey Box Cardiaspina population dynamics 
Temperature directly impacted the abundance and development of Grey Box 
Cardiaspina. During the cooler months of July to October 2012, the sites with 
warmer mean daily minimum temperatures supported larger populations of the Grey 
Box Cardiaspina. The differences in adult population sizes between sites (distances 
of 12 – 20 km) became apparent in July to August 2012. Mean daily minimum 
temperatures in winter have previously been demonstrated to be an important driver 
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of insect abundance (Neuvonen et al., 1999; Crozier, 2004; Reisen et al., 2010). 
Winter temperatures may also be crucial in defining voltinism of Cardiaspina. For 
Coffs Harbour (Campbell, 1992), which is warmer than Western Sydney, four or 
more generations were recorded for C. fiscella and C. maniformis. Cooler regions 
such as Canberra (Clark, 1962) and Keith in South Australia (White, 1970) only had 
three generations of C. albitextura and C. densitexta, respectively. 
 
2.5.5 Psyllid population crash as a result of resource depletion and extreme 
temperature events 
In February 2013, densities of the Grey Box Cardiaspina dropped drastically, and 
leaf scoring was thus discontinued. Adult abundance estimated from yellow sticky 
traps at study sites revealed that psyllid numbers had not increased again by May 
2013. (Clark, 1964a) states that severe Cardiaspina outbreaks result in their own 
density-induced decline as a result of depletion of the available leaves for feeding 
and oviposition. Such density-dependent resource limitation has generally been 
documented in insect outbreaks (Monro, 1967; Harrison, 1994), although it is still 
unclear whether it is a key factor influencing outbreaks given the rarity of severe 
defoliation (Abbott, 2012). Tree density did not play a role in determining psyllid 
density on leaves, nor the progression and severity of the defoliation. Although tree 
density could be a defining parameter in the build-up of populations at the beginning 
of an outbreak, the availability of colonisable foliage is a more likely important 
factor for the progression of an outbreak. We measured canopy cover as part of the 
tree health index, and it had reached its worst by November 2012, representing a 
time when adult psyllid numbers of the spring generation peaked and were looking 
for suitable foliage for oviposition. 
Furthermore, December 2012 and January 2013 were very hot months, with several 
days over 40 °C, including Sydney’s hottest day on record (18 January) with 
temperatures of over 46 °C. These heat events coincided with adult emergence of the 
spring (November to December 2012) and the first summer (January to February 
2013) generations that were synchronized across sites, and likely contributed to the 
collapse of psyllid numbers because densities in the final leaf survey in mid-February 
remained very low. Previously, a dramatic reduction of psyllid numbers as a result of 
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high temperatures had also been recorded for Heteropsylla cubana (Hemiptera: 
Psyllidae) (Geiger & Gutierrez, 2000). For Cardiaspina, Clark (1962) reported caged 
females laid substantially fewer eggs when the daily maximum temperature was 
repeatedly over 32 °C. 
 
2.5.6 Other potentially contributing factors 
The frequency and intensity of rainfall may contribute to the initiation of psyllid 
outbreaks (e.g. some recorded outbreaks of Cardiaspina, Glycaspis and Creiis were 
preceded by heavy rainfall events) (Clark, 1962; White, 1969; Campbell, 1992) and 
previous analyses indicated that waterlogged trees may enhance nymphal survival 
(Moore, 1961; Stone et al., 2010). The region of the Grey Box Cardiaspina outbreak 
experienced heavy rainfall in the summer of 2007 – 2008 (Bureau of Meteorology). 
We also observed that some sites became badly waterlogged after heavy rainfall 
events during the surveying period. A possible interaction of outbreak 
commencement with heavy rainfall events that may cause water logging, tree 
physiological shifts and nutritional stimulation of psyllid populations warrants 
further investigation. 
Urbanization and fragmentation may have also played an important role in the 
population and outbreak dynamics of this infestation. Generally, psyllids are not 
considered strong dispersers (Moore, 1961; Clark, 1962); however, they can be 
passively dispersed between fragmented tree stands (Center et al., 2006) and by 
human activity or wind (Hodkinson, 2009; Teulon et al., 2009; de Queiroz et al., 
2012). Human-mediated dispersal must be considered in this outbreak given the 
urbanised setting that links the fragmented woodlands by major road corridors. 
Beyond this, an urban heat island effect (Raupp et al., 2012) may have contributed to 
the magnitude of psyllid numbers in this outbreak. Reductions in vegetation 
complexity and diversity through habitat fragmentation are suggested to contribute to 
reductions in natural enemy abundance and richness (Kruess & Tscharntke, 1994; 
Reid et al., 2007; Raupp et al., 2010) and so it is possible that the effectiveness of 
parasitoids in regulating this outbreak has been compromised. The fragmentation of 
woodlands could also increase the duration and impact of an outbreak. Although 
psyllid numbers declined to very low levels in our study sites, there were other 
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remnant woodland pockets with high psyllid numbers after we had discontinued leaf 
scoring (A.A.G.H and M.R, personal observations). These population reservoirs 
could allow previously defoliated areas to become reinfested once their regrowth has 
reached a suitable leaf age. Such chronic infestation may severely impact the health 
of E. moluccana in the region, as well as the resilience of the CPW. 
 
2.5.7 Conclusions 
The present study has shed light on the biotic and abiotic factors influencing an 
insect outbreak, during its peak and decline, in a native environment. The results 
demonstrate the boom and bust complexities of insect outbreaks. Further studies on 
individual outbreak events are required to allow more general conclusions. In the 
present study, mean daily minimum winter temperatures correlated with the 
abundance of psyllids. Resource depletion combined with summer heatwaves 
coinciding with critical developmental stages were the most likely reasons for the 
demise of synchronous psyllid populations in the study sites. Parasitoids were the 
major natural enemies of the psyllids, although they do not appear to have played a 
major role in reducing psyllid numbers. Our findings provide scope for further 
research of psyllid outbreaks and insect outbreaks more generally, particularly in 
fragmented woodlands that may suffer from chronic insect infestations. Additional 
research into the reasons for control failure by natural enemies within native 
ecosystems is also warranted.  
45 
 
 
 
 
 
 
 
Chapter 3 
Constraints on parasitoid control of a 
Cardiaspina sp. outbreak 
This chapter has been submitted to a peer-reviewed journal: 
Hall, A.A.G., Johnson, S.N., Cook, J.M. & Riegler, M. High nymphal host density 
and mortality negatively impact parasitoid complex during an insect herbivore 
outbreak. .  
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3.1 Abstract 
Parasitoids are remarkably diverse and can impact host insect population dynamics. 
Yet, insect herbivore outbreaks frequently occur and this may be due to inhibition of 
top-down control by parasitoids. Hyperparasitisation, breakdown of host – parasitoid 
synchrony and climatic factors can result in failure of parasitoids to regulate host 
density. However, few studies have examined factors limiting parasitoid impact on 
outbreaking host populations in natural ecosystems. We studied patterns of 
parasitisation of Cardiaspina (Hemiptera: Aphalaridae) psyllid populations during an 
outbreak in a fragmented Eucalyptus woodland. We developed a novel species-
specific multiplex PCR approach on parasitised nymphs from which parasitoid wasps 
had emerged to identify trophic roles of parasitoid species in this system for the first 
time. We then assessed, with extensive field population surveys over one year, the 
impact of the diverse parasitoid species complex on host population dynamics. We 
identified four parasitoid wasp species of the family Encyrtidae (Hymenoptera); two 
primary parasitoid species of the genus Psyllaephagus, one hyperparasitoid, 
Coccidoctonus psyllae, and one rare heteronomous hyperparasitoid Psyllaephagus 
species with female development as a primary parasitoid and male development as a 
hyperparasitoid – a strategy that has so far only been described for a small number of 
Aphelinidae species (Hymenoptera). Parasitisation of psyllids was driven largely by 
the most common primary parasitoid species and was inversely dependent on the 
host density at the spatial scales of leaf, tree and site. High larval parasitoid mortality 
was a result of summer heat waves and high nymphal psyllid mortality due to 
resource limitation. Larval parasitoid mortality may contribute to the absence of host 
density dependent parasitisation during insect herbivore outbreaks. 
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3.2 Introduction 
Parasitoids are a widespread and hyperdiverse functional group of insects that can 
significantly impact host population dynamics and densities (Godfray, 1994; Hassell, 
2000). However, insect outbreaks frequently occur and the role of parasitoids during 
host outbreaks is not well understood because studies of outbreaks, in particular in 
natural ecosystems, are often opportunistic and challenging to replicate (Faeth, 1987; 
Yang, 2012). Insect outbreaks can be driven by environmental factors and rapid 
increases of resource availability (Gherlenda et al., 2016), and can collapse following 
resource depletion (Chapter 2). Such bottom-up driven fluctuations may also impact 
higher trophic levels such as parasitoids. 
In contrast, the early popular view of natural enemies, including parasitoids, was that 
they act as top-down control agents and increase parasitisation in response to an 
increase in host density (Nicholson, 1933). This became known as density 
dependence (hereafter DD) (Smith, 1935). In nature, however, DD is rarely detected 
for parasitoids (Morrison & Strong, 1980; Stiling, 1987), although the reasons for 
this paucity remain poorly understood. Heads & Lawton (1983) suggested that 
sampling at the wrong spatial scale could obscure detection of DD. It was argued that 
at a smaller spatial scale (e.g. leaf), the enemy hunts essentially at random, and it is 
only at larger spatial scales (e.g. whole plant or stand) that an enemy may discern 
patches where host density is greater. Furthermore, there is evidence to suggest that 
higher order consumers such as hyperparasitoids may be able to cause a breakdown 
of DD in primary parasitoids (Höller et al., 1993; Ferguson & Stiling, 1996). 
At high abundance, hosts can experience high rates of mortality due to intraspecific 
competition for a resource in increasingly short supply, and this may result in density 
dependent host mortality (Auerbach, 1991; Connor & Beck, 1993). Such increased 
host mortality could impact parasitoid populations to a greater extent than host 
populations due to higher mortality experienced by parasitised than unparasitised 
hosts. This has been demonstrated in a lab-based study for the pea aphid and its 
parasitoid (Ives & Settle, 1996), while, to our knowledge, it has not yet been tested 
under field situations. 
Besides resource availability, temperature is also an important factor, as it directly 
impacts the development, survival, reproduction and voltinism of insects (Steinbauer 
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et al., 2004; Forster et al., 2011; Gherlenda et al., 2015), and extreme temperature 
events can crash herbivore populations (Chapter 2). As with density dependent 
mortality, the impacts of extreme temperatures are likely to be greater at the higher 
trophic levels of parasitoids and hyperparasitoids because they will be affected both 
directly and indirectly by the extreme temperature effects on their hosts (Hance et al., 
2006). In many cases, extreme temperature events result in insect mortality (Zamani 
et al., 2007; Roux et al., 2010). Temperature may also influence synchrony between 
host and parasitoid life cycles; e.g. temperature differences across a landscape can 
cause a spatial breakdown in host – parasitoid synchrony and reduced suppression of 
host populations (Clark, 1964b; Van Nouhuys & Lei, 2004). Besides temperature, 
parasitoid development and searching behaviour may also be restricted by other 
environmental factors such as rain and wind (Clark, 1964b; Stiling et al., 1982), or 
by habitat fragmentation (Kruess & Tscharntke, 1994). 
Host – parasitoid systems in native ecosystems can be complex and involve multiple 
parasitoid species across multiple trophic levels that can be very important for the 
overall impact on host populations (Rosenheim, 1998; Traugott et al., 2008). Many 
interactions between parasitoid species reduce host suppression either through 
competition between primary parasitoids (Lawrence, 1981; Van Nouhuys & Hanski, 
2000) or hyperparasitoid suppression of primary parasitoids (Loch & Zalucki, 1998; 
Maalouly et al., 2015). 
Research on species interactions in food webs has profited from the development of 
molecular tools (Gómez-Marco et al., 2015; Hrček & Godfray, 2015). So far, 
molecular approaches have focused on parasitoid systems that are already well 
described for their species diversity and function (Gariepy et al., 2005; Traugott et 
al., 2006; Rugman-Jones et al., 2011). One attempt has previously been made to 
investigate a host – parasitoid food web using residual DNA in parasitised hosts after 
emergence of the adult parasitoid, i.e. post-emergence aphid mummies (Varennes et 
al., 2014). This allowed identification of emerging parasitoids and thus the outcome 
of species interactions and food web construction by using single-stranded 
conformation polymorphism (PCR-SSCP) to identify presence of multiple species, 
including aphid, parasitoid and hyperparasitoid. However, the success rate to 
simultaneously detect multiple species was not high. 
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The population dynamics of a Cardiaspina sp. psyllid (Hemiptera: Aphalaridae) 
outbreak on Eucalyptus moluccana Roxb. (Grey Box) over thousands of hectares in 
Western Sydney, Australia was recently described (Chapter 2), and the Cardiaspina 
sp. of this newly described host tree association was genetically characterised 
(Chapter 2). Minimum winter temperatures, summer heat waves and resource 
depletion were principal environmental factors that impacted psyllid populations 
during the peak and decline of this outbreak, with the latter two factors leading to the 
crash of psyllid populations in 2013. Three parasitoid morphospecies were isolated 
from parasitised psyllids; however, none appeared to play an important role in 
suppressing or reducing host densities (Chapter 2). In the present study, we 
investigated why these parasitoid species may have failed to suppress this psyllid 
outbreak during its peak and decline. Further, we investigated why the detection of 
DD in parasitisation may be rare in field studies. With the exception of being field-
based, our study system exhibited all nine key characteristics listed by Stiling (1987) 
as likely to promote DD. Briefly, our study was conducted on a native species in a 
native environment; it involved a monophagous host that is sessile during the 
nymphal stage targeted by the parasitoids; and the parasitoids are solitary and 
appeared to be monophagous. 
We applied both field and molecular approaches to quantify parasitisation by 
multiple parasitoid species in populations of an outbreaking psyllid species without 
prior knowledge of the trophic role of the parasitoid species. We aimed to 1) apply 
species-specific multiplex PCR on post-emergence mummies for simultaneous 
detection of multiple species in order to identify trophic links; 2) test whether 
hyperparasitoid suppression and/or competition between primary parasitoid species 
inhibited psyllid suppression during the outbreak; 3) assess whether density 
dependent host mortality and summer heat waves had a greater impact on parasitoid 
than host populations; 4) examine which of these biotic and abiotic factors could 
obscure detection of DD. 
We hypothesised that some of the parasitoid species were hyperparasitoids that 
limited the suppression of psyllid densities by primary parasitoids. Density 
dependent host mortality resulting from intraspecific competition for limited 
resources would result in even greater mortality of parasitised than unparasitised 
hosts. We predicted that the heat waves responsible for the psyllid population 
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collapse had an even greater impact on the parasitoid populations. We also 
anticipated that differences in minimum winter temperatures across the range of the 
host resulted in a loss of host – parasitoid synchrony across the fragmented woodland 
remnants. Finally, we expected to find that hyperparasitisation and larval parasitoid 
mortality obscured the detection of DD in a natural outbreak event. 
 
3.3 Materials and methods 
3.3.1 Psyllid outbreak 
Over several years, the outbreak of Grey Box Cardiaspina sp. in Western Sydney 
resulted in area-wide defoliation of thousands of hectares of its host tree, E. 
moluccana, a dominant tree of the critically endangered Cumberland Plain Woodland 
(Chapter 2). The multivoltine psyllid species completed four discrete generations per 
year, while our population surveys (March 2012 to May 2013) covered up to five 
psyllid generations: from egg to adult stage, a summer generation (G1) from January 
to March 2012, a winter generation (G2) from March to September 2012, a spring 
generation (G3) from June to December 2012, a first summer generation (G4) from 
October 2012 to February 2013, followed by a second summer generation (G5) from 
January to March 2013. The psyllid populations peaked during the spring generation 
and collapsed during the two summer generations, G4 and G5, due to a combination 
of resource depletion as a consequence of severe defoliation and heat waves with 
several days over 40 °C (Chapter 2). 
 
3.3.2 Field surveys 
Parasitisation of psyllids was scored at three spatial scales; site, tree and leaf. Five 
woodland fragments within the outbreak region (Bligh Park, BP; Gleesons Trees 
Reserve, GTR; Knudsen Reserve, KR; Plumpton Park, PP; Peppermint Reserve, PR), 
between 1.2 and 6 ha in size and up to 20 km apart from each other (Chapter 2), were 
monitored. 
At the site scale, parasitisation was scored from 24 leaves (four randomly collected 
leaves at 1.5 to 2 m height from each of six randomly chosen trees) collected 
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monthly per site from March 2012 to February 2013 (i.e. from G1 to G4). 
Parasitisation of Cardiaspina sp. became visually apparent in the formation of a 
mummy at the fifth nymphal instar, the last nymphal instar before adult emergence. 
Mummies were recognised by the blackened or translucent exoskeleton of the host 
nymph. Late instar nymphs in the process of mummification were recognised by 
their immobility, swollen abdomen and pale colour. Total number of nymphs (from 
first to fifth instar) as well as numbers of intact pre-emergence mummies (without 
parasitoid emergence holes), live unparasitised fifth-instar psyllid nymphs, intact 
fully developed vacated lerps (indicating previous development into adult psyllids), 
dead nymphs irrespective of instar, and dead unparasitised fifth-instar nymphs were 
counted on the day of leaf collection. These leaves were then pooled by tree within 
sites and kept in zip-lock bags for four weeks at room temperature to allow adult 
parasitoid emergence. Emerged parasitoids were grouped into morphotypes. Any 
mummies from which parasitoids failed to emerge after four weeks were accounted 
for as pre-emergence parasitoid mortality (hereafter larval parasitoid mortality). The 
percentage of total (or fifth-instar) nymphal psyllid mortality was measured at the 
leaf, tree and site scale according to the formula: 
%NM =  nNM(nN + nIL)  × 100 
where nNM was the total (or fifth-instar) number of dead psyllid nymphs, nN was 
the number of total (or fifth-instar) live psyllid nymphs, and nIL was the number of 
intact vacated lerps.  
At the leaf and tree scale, parasitisation was scored analogously between August 
2012 and February 2013 (i.e. from G2 to G4) from five randomly collected leaves 
from each of four randomly chosen trees (20 leaves total). These were collected 
monthly from each site and, in contrast to the site scale measurement, individually 
placed into zip-lock bags for scoring of emerging parasitoids. 
Abundance of adult parasitoids and psyllids was monitored by four yellow sticky 
traps per site, which were exposed at 1.5 to 2 m height and replaced fortnightly from 
May 2012 to May 2013 (i.e. from G2 to G5). Parasitoid abundances were counted by 
morphotypes. 
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3.3.3 Characterisation of parasitoid morphotypes 
Across the five outbreak sites, and according to identification keys (Riek, 1962b, a), 
we have previously detected three parasitoid species, two Psyllaephagus spp. 
(Hymenoptera: Encyrtidae) and Coccidoctonus psyllae (Hymenoptera: Encyrtidae) 
(Chapter 2). DNA barcoding of cytochrome b (cytb) of these was performed on three 
adult specimens per morphotype from each of the sites (Chapter 2). A sixth site, a 
plantation with E. moluccana on the Hawkesbury campus of Western Sydney 
University (33°36’S, 150°45’E), was also included for the assessment of trophic 
interactions between species in May 2014. A further three specimens per parasitoid 
morphotype and the host psyllid, were DNA barcoded from this additional site to 
confirm that the parasitoid and psyllid species were identical as in the other study 
sites. For the parasitoids, the cytb PCR reaction mix comprised 1 × GoTaq PCR 
buffer, 0.5 U GoTaq DNA polymerase (Promega, Madison, WI, USA), 3 mM 
MgCl2, 0.1 mM of each dNTP, 0.5 µM of each primer (CB1 and CB2; Jermiin & 
Crozier, 1994) and 2 µL DNA template in a 20 µL reaction volume. The PCR 
conditions were 94 °C for 3 min, 30 cycles of 95 °C for 15 sec, 45 °C for 20 sec and 
72 °C for 30 sec, with a final extension for 10 min at 72 °C using a BioRad DNA 
engine Dyad®, Peltier Thermal Cycler (CA, USA). PCR amplicons were then 
sequenced by Macrogen (Korea). 
For psyllid barcoding, cytochrome oxidase I (COI) using the primers C1-J-2441 
(alias Dick) and TL2-N-3014 (alias Pat) was amplified and sequenced (Chapter 2). 
Beyond the three parasitoid species from the five study sites, another rare 
Psyllaephagus sp., with females that were morphologically indistinguishable to the 
prevalent Psyllaephagus sp., was found only in the Eucalyptus plantation. DNA 
barcodes of the host psyllid and parasitoid morphotypes were lodged with GenBank, 
and adult specimens were vouchered with the Australian National Insect Collection 
(Table B1). 
3.3.4 Identifying trophic interactions 
Species-specific multiplex PCR was applied to post-emergence mummies. The 
rationale of the technique was that species-specific primers would detect the DNA 
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footprint of the emerged parasitoid species, together with any other parasitoid species 
that had prior been present in the psyllid nymph. Mummies were collected from E. 
moluccana in the Eucalyptus plantation in May 2014. Fifth-instar mummies were 
isolated in individual gelatine capsules and, following parasitoid emergence, 
parasitoids and mummies were separated into individual tubes containing absolute 
ethanol for subsequent analysis. The species and sex of emerged parasitoids was 
determined based on wasp morphology and the appearance of the mummy prior to 
emergence. The dominant parasitoid species resulted in translucent mummies, while 
the rare fourth species resulted in opaque black mummies (Fig. B1). 
Species-specific primers were designed based on the parasitoid cytb sequences using 
SP-Designer v7.0 (Villard & Malausa, 2013). Parameters were set for each primer 
pair to give a minimum of two diagnostic sites within the last five nucleotide 
positions at the 3’ end of each primer, different amplicon lengths (200 – 400 bp) and 
similar annealing temperatures to allow for multiplexing (Table 3.1). Species-
specificity and ability of the primers to co-amplify in different template DNA 
combinations were confirmed by both single and multiplex PCR using adult wasp 
and psyllid DNA. 
DNA from mummies was extracted using the Gentra Puregene Tissue Kit (Qiagen, 
Germany) following the manufacturer’s instructions. Mummy extracts were deemed 
informative if DNA of both the emerging parasitoid and psyllid were detected by 
PCR. Psyllid DNA was amplified with primers designed in PrimerQuestSM 
(Integrated DNA Technologies, Inc, Iowa, USA) based on the wingless gene of 
Glycaspis brimblecombei (Hemiptera: Aphalaridae) (GenBank accession number 
AF231381; Table 3.1). For each parasitoid species and sex, 3 to 20 informative 
mummies were subjected to multiplex PCR in a 10 µL reaction comprising 1× 
Qiagen Multiplex PCR Master Mix, 0.2 µM species-specific forward and reverse 
primers, 1 µL DNA template and UltraPure water. Cycling conditions according to 
the Qiagen Multiplex PCR Kit protocol were used with 57 °C as annealing 
temperature. 
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Table 3.1: Species-specific mitochondrial cytochrome b primers designed for the parasitoid complex of Grey Box Cardiaspina sp. on Eucalyptus moluccana 
during an outbreak in Western Sydney, and nuclear wingless primers designed for the host psyllid. 
Target species Biology Primer Target gene Primer sequence (5' - 3') Amplicon size (bp) 
P1 
Psyllaephagus sp. Primary parasitoid 
sp.1CBfor 
sp.1CBrev cytochrome b 
AGCAATCCCTTACTTAGGAAATACAG 
GAACGTAAAATTGCATAAGCAAAAAG 400 
P2 
Psyllaephagus sp. Primary parasitoid 
sp.2CBfor 
sp.2CBrev cytochrome b 
GATTTTATTCATTTCATTTCATTTTACCA 
TATGAGTATGATGTACAAATCAATAAAAGT 215 
H 
Coccidoctonus psyllae Hyperparasitoid 
sp.3CBfor 
sp.3CBrev cytochrome b 
TTGTACTATGATTATGAGGAGGGTTC 
GGAGTCACTATTGGGTTAGCTTTA 315 
HH 
Psyllaephagus sp. 
Heteronomous 
hyperparasitoid 
sp.4CBfor 
sp.4CBrev cytochrome b 
GGAGATAATATTGTTTTATGACTATGAGGT 
CCCRGTTTCATGAAGAAATATTAAATGG 145 
Grey Box Cardiaspina 
sp. psyllid Host 
wg72F 
wg361R wingless 
GACGGTGCTTCTAGAGTAATGG 
GCACATCGTTCCACAACAATAA 235 
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A subset of the post-emergence mummy extracts was also tested with each species-
specific primer pair to confirm the multiplex PCR results. This was to control for low 
DNA yield in post-emergence mummies, especially in the case of primary 
parasitoids that had been consumed by hyperparasitoids. All single and multiplex 
PCR reactions included a negative control, without a DNA template, and a positive 
control, containing an equal mix of all parasitoid species and psyllid DNA. 
The PCR-based approach resulted in the detection of two primary parasitoids 
(hereafter P1 and P2) and one hyperparasitoid (hereafter H) that attacked P2, but not 
P1. The rare fourth species only detected in the Eucalyptus plantation was a 
heteronomous hyperparasitoid (hereafter HH). 
 
3.3.5 Assessing species-specific impacts on host 
After the roles of the parasitoid species had been determined, parasitisation by the 
three main species (P1, P2 and H) was scored within sites and host generations, and 
across three spatial scales: leaf, tree and site. Parasitisation for P1 was calculated as: 
%P1 =  nP1nN + nIM  × 100 
where nP1 was the total number of emerged P1 adults, after the four-week incubation 
period of leaves within the zip-lock bags, nN was the number of live unparasitised 
fifth-instar nymphs and nIM was the number of intact pre-emergence psyllid 
mummies on the day of leaf collection. %P2 was calculated analogous to %P1. 
Hyperparasitisation by H was calculated as: 
%H =  nHnH + nP2 × 100 
Parasitisation for the entire parasitoid complex was calculated in two ways, without 
parasitoid and host mortality: 
%P =  nP1 + nP2 + nHnN + nIM  × 100 
and with mortality: 
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%P =  (nP1 + nP2 + nH + nPM)(nN + nIM + nNM)  × 100 
where nPM was larval parasitoid mortality, i.e. the number of mummies that failed to 
emerge after the four-week incubation period of leaves within the zip-lock bags. 
 
3.3.6 Statistical analysis 
The mean percentage of the psyllid population suppressed by P1 and P2, and the P2 
population suppressed by H was calculated for each outbreak site over the entire 
survey period and compared between sites by analysis of variance (ANOVA). 
ANOVA was also used to compare parasitisation and hyperparasitisation between 
host generations. Tracking of the psyllid population by P1 and P2 was assessed from 
the fortnightly sticky trap catches by comparing primary parasitoid numbers with 
adult psyllid numbers. The same was done for H numbers against numbers of its P2 
host. These tests were performed using simple linear regression. Mean total nymphal 
psyllid mortality (based on all nymphs) was compared between sites and generations 
by ANOVA. In the same way, mean larval parasitoid mortality (based on all fifth-
instar mummies) was compared between sites and generations. All percentage data 
were logit transformed prior to analysis. 
Density dependent fifth-instar nymph mortality and the type of density dependent 
parasitisation and hyperparasitisation relative to host abundance were assessed across 
three spatial scales. Hereafter, the different types of parasitisation dependence are 
referred to as DD (density dependence), DI (density independence) and IDD (inverse 
density dependence). At the spatial scales of tree and site generalised linear models 
(GLM) were used, under the assumption of a binomial error distribution and logit 
link function. At the smallest spatial scale (leaf), a generalised linear mixed model 
(GLMM) fitted by Laplace approximation was used, under the assumption of a 
binomial error distribution and logit link function which considered time, site and 
tree as random effects. In addition, dependence of total parasitisation was assessed 
within outbreak sites and host generations by GLM with and without parasitoid and 
fifth-instar nymph mortality included. 
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All statistical analyses were conducted using R, version 3.1.2 (R Development Core 
Team, 2014). Generalised linear models were constructed in the lme4 package 
(Douglas et al., 2014). 
 
3.4 Results 
3.4.1 Characterisation of parasitoid morphotypes 
A total of 3,356 adult parasitoids representing five morphotypes were caught on 
yellow sticky traps, and 744 parasitoids representing five morphotypes emerged in 
the zip-lock bags containing leaves collected from the five outbreak sites. A further 
456 parasitoids representing these five morphotypes and an additional morphotype 
emerged from mummies in the gelatine capsules from the single collection event in 
the Eucalyptus plantation. All parasitoids emerged from mummies as single wasps, 
thus the parasitoids were solitary endoparasitoids. Assignment to morphotypes and 
DNA barcoding confirmed three species (P1, P2 and H) on sticky traps and leaves. 
Four species (including HH) emerged from the mummies in gelatine capsules. H was 
distinct from the other morphotypes in the more setose male antennae, long female 
ovipositor and lack of metallic green colour. P1 had a metallic green thorax and 
head, while P2 had a metallic green abdomen, which also differed in shape to P1. For 
P1 only females were found while the other morphospecies had both females and 
males, with species characteristic antennae in males. HH females were 
indistinguishable from P1 females (Fig. B1) but had a cytb haplotype that matched 
the distinctive HH males. P1, P2 and HH were Psyllaephagus species and H was C. 
psyllae. With the exception of HH, the prevalence of each parasitoid species was 
consistent across the three collection methods (Fig. B2). P1 was the dominant species 
comprising two-thirds of the parasitoids; P2 and H had a similar abundance yet were 
less common than P1, while HH was very rare and was not detected in the five 
outbreak study sites. 
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3.4.2 Trophic interactions and parasitoid biology 
Species-specific multiplex PCR on post-emergence mummy extracts demonstrated 
that P1 and P2 were primary parasitoids, because only psyllid DNA and DNA of the 
emerging wasp were detected from their respective mummies (Table 3.2). H was a 
hyperparasitoid of P2 because psyllid DNA, P2 DNA and H DNA was detected in H 
post-emergence mummies. HH was rare and was a heteronomous hyperparasitoid 
that emerged as a male when it acted as a hyperparasitoid of P1 (psyllid, P1 and HH 
DNA detected in male HH post-emergence mummies) and as a female when it acted 
as a primary parasitoid (psyllid and HH DNA detected in female HH post-emergence 
mummies). DNA of P1 and P2 was never detected within the same post-emergence 
mummy suggesting they did not parasitise each other or compete through 
multiparasitisation. 
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Table 3.2: Results of parasitoid species-specific multiplex PCR screening of post-emergence mummies of Grey Box Cardiaspina sp. 
Emerged 
parasitoid species 
Emerged 
species DNA 
Psyllid 
DNA 
Other 
species DNA 
Informative 
mummies1 
Uninformative 
mummies2 
Detection 
success (%) 
P1 Yes Yes No 20 162 11 
P2 female Yes Yes No 20 5 80 
P2 male Yes Yes No 20 4 83 
H female Yes Yes P2 20 6 77 
H male Yes Yes P2 20 6 77 
HH female Yes Yes No 8 1 89 
HH male Yes Yes P1 3 7 30 
1 A mummy was considered informative when DNA of both emerged parasitoid species and psyllid was detected by PCR. 
2 Mummies that did not amplify were considered uninformative. 
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Each of the four peaks in adult psyllids on sticky traps was followed by peaks of P1, 
P2 and H (Fig. 3.1). Therefore, the parasitoids were synchronised to the host life 
cycle and completed one generation per host generation. Given the synchronised 
appearance of P1 and P2 on sticky traps soon after the adult psyllids, it is likely that 
they were attacking first or second instar psyllid nymphs. However, psyllid nymphs 
were only killed during the fifth-instar, indicating that both P1 and P2 were 
koinobionts that develop inside the developing nymph before killing it. 
 
 
Figure 3.1: Individuals of Grey Box Cardiaspina sp., primary parasitoid Psyllaephagus spp. 
P1 and P2 and hyperparasitoid Coccidoctonus psyllae H scored fortnightly on sticky traps 
across five outbreak sites from May 2012 to May 2013. 
 
3.4.3 Impact on host by parasitoid complex 
Mean parasitisation by P1 during the survey period varied between 17 and 48 % 
across sites (F4,141 = 3.604, P = 0.008) (Fig. 3.2a). P1 parasitisation was also different 
across psyllid generations (F3,142 = 3.055, P = 0.031), approaching up to 40 % in G3 
in spring 2012 (Fig. 3.2b). Parasitisation by P2 was overall low and not different 
between sites (F4,141 = 1.18, P = 0.322) (Fig. 3.2a), although it was different across 
generations (F3,142 = 5.15, P = 0.002) (Fig. 3.2b). Incidence of hyperparasitisation of 
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P2 by H was high (between 22 and 50 %), and not different between sites (F4,39 = 
0.524, P = 0.719) (Fig. 3.2c), although it differed across host generations (F3,40 = 
5.938, P = 0.002) and was also highest in G3 (Fig. 3.2d). 
 
 
Figure 3.2: Mean (+ SE) percentage parasitisation by two primary parasitoid species (P1 and 
P2) across outbreak sites a) and host generations b), and hyperparasitisation by H across 
outbreak sites c) and host generations d) scored from parasitoid and hyperparasitoid 
emergence against host density on psyllid infested leaves collected monthly from March 
2012 to February 2013. 
 
The mean number of P1 adults on sticky traps was different between sites (F4,105 = 
5.202, P < 0.001). Neither P2 (F4,105 = 1.093, P = 0.364) or H (F4,105 = 2.203, P = 
0.074) differed in their abundances between sites (Fig. 3.3a). Overall, parasitoids 
were most abundant in G2 and G3 before a decline in the summer generations of G4 
62 
 
and G5 (P1, F3,105 = 15.959, P < 0.001; P2, F3,105 = 18.248, P < 0.001; H, F3,105 = 
9.522, P < 0.001) (Fig. 3.3b). 
 
 
Figure 3.3: Mean (+ SE) parasitoid individuals by fortnightly sticky trapping across five 
outbreak sites (a) and four host generations (b) between May 2012 and May 2013. Adult 
counts for G1 were not available. 
 
Dependence of parasitisation on psyllid density varied between parasitoid species but 
not across spatial scales (Table 3.3). At all spatial scales, P1 displayed strong IDD 
and P2 DI to psyllid densities. H showed IDD to its host, P2, at the leaf and tree 
spatial scales, and DI at the site scale. Overall parasitisation by all three species 
displayed strong IDD at the level of leaf and site, and DI at the level of tree. 
Interestingly, hyperparasitisation by H showed DD to psyllid density at the site scale. 
Overall parasitisation displayed IDD in GTR and DI in the other sites (Table 3.3). 
Furthermore, overall parasitisation displayed IDD in G3 and G4, while DI in G1 and 
G2 (Table 3.3). 
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Table 3.3: Results of generalised linear models testing density dependence in a psyllid host 
– parasitoid system at different spatial scales, within outbreak sites (BP, GTR, KR, PP and 
PR) and across host generations (G1 – G4). Significant dependence relationships are 
indicated in bold. 
Parasitoid Host Spatial scale Chi-squared P value Relationship 
P1 psyllid leaf 11.291 < 0.001 Inverse 
P1 psyllid tree 4.193 0.041 Inverse 
P1 psyllid site 15.251 <0.001 Inverse 
P2 psyllid leaf 3.11 0.078 Independent 
P2 psyllid tree 0.113 0.736 Independent 
P2 psyllid site 0.066 0.797 Independent 
H P2 leaf 8.181 0.004 Inverse 
H P2 tree 9.207 0.002 Inverse 
H P2 site 0.094 0.759 Independent 
H psyllid leaf 0.274 0.601 Independent 
H psyllid tree 0.098 0.754 Independent 
H psyllid site 4.085 0.043 Dependent 
All species psyllid leaf 6.331 0.012 Inverse 
All species psyllid tree 3.621 0.057 Independent 
All species psyllid site 14.581 <0.001 Inverse 
All species psyllid BP 1.915 0.167 Independent 
All species psyllid GTR 6.817 0.009 Inverse 
All species psyllid KR 0.884 0.347 Independent 
All species psyllid PP 3.021 0.082 Independent 
All species psyllid PR 3.527 0.06 Independent 
All species psyllid G1 0.834 0.361 Independent 
All species psyllid G2 0.37 0.543 Independent 
All species psyllid G3 17.962 <0.001 Inverse 
All species psyllid G4 4.486 0.034 Inverse 
 
3.4.4 Parasitoid and host mortality factors 
Failed parasitoid emergence from mummies due to larval parasitoid mortality was 
highest in GTR (F4,34 = 7.789, P < 0.001) (Fig. 3.4a), the site with the highest psyllid 
abundance (Chapter 2), and in G4 (F3,36 = 8.595, P < 0.001) (Fig. 3.4b), when the 
outbreak sites experienced summer heat waves (Chapter 2). Total nymph mortality, 
other than parasitisation, was also greatest in GTR (F4,913 = 16.101, P < 0.001) (Fig. 
3.5a), and in G4 (F2,913 = 14.206, P < 0.001) (Fig. 3.5b). Total nymphal psyllid 
mortality was unavailable for G1 because leaf collections began towards the end of 
this generation. 
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Figure 3.4: Outcome of parasitisation across five outbreak sites a) and four host generations 
b) scored for parasitoid species that emerged from mummies and those that failed to emerge 
from mummies on collected leaves (the latter was considered larval parasitoid mortality). 
Leaves were collected monthly from March 2012 to February 2013 during the Grey Box 
Cardiaspina sp. outbreak and stored in zip-lock bags kept at room temperature for four 
weeks to allow parasitoid emergence. 
 
 
Figure 3.5: Mean (+ SE) percentage of total psyllid nymph mortality across five outbreak 
sites a) and four host generations b) scored from live and dead nymphs on leaves collected 
monthly from March 2012 to February 2013 during Grey Box Cardiaspina sp. outbreak. 
 
Mortality of unparasitised fifth-instar psyllid nymphs was density dependent at all 
spatial scales, and nearly density dependent in the highest psyllid density site (GTR), 
and in the highest psyllid density generation (G3) (Table 3.4). Incorporation of larval 
parasitoid mortality and fifth-instar nymph mortality into the calculation of 
parasitisation resulted in different relationships between parasitisation and host 
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density (Table 3.5); in particular, IDD seen for G4 and GTR changed to DI, while for 
G3 it remained IDD. 
 
Table 3.4: Results of generalised linear models testing density dependent nymphal psyllid 
mortality at different spatial scales, within outbreak sites (BP, GTR, KR, PP and PR) and 
across host generations (G1 – G4). Significant density dependent relationships are indicated 
in bold. 
Spatial scale Chi-squared P value Relationship 
leaf 17.299 < 0.001 Dependent 
tree 5.845 0.016 Dependent 
site 4.576 0.032 Dependent 
BP 0.011 0.918 Independent 
GTR 3.714 0.054 Independent 
KR 0.09 0.764 Independent 
PP 0.005 0.943 Independent 
PR 2.182 0.14 Independent 
G1 0.82 0.365 Independent 
G2 1.42 0.233 Independent 
G3 2.943 0.086 Independent 
G4 0.562 0.454 Independent 
 
 
Table 3.5: Results of generalised linear models showing the density dependent relationship 
in a psyllid host – parasitoid system within outbreak sites and across host generations after 
inclusion of parasitoid and host mortality. Significant dependence relationships are indicated 
in bold. 
Site combined parasitisation including mortality Relationship 
BP Χ = 0.24, P = 0.624 Independent 
GTR Χ < 0.001, P = 0.982 Independent 
KR Χ = 1.034, P = 0.309 Independent 
PP Χ = 3.848, P = 0.051 Independent 
PR Χ = 2.874, P = 0.09 Independent 
Generation   
G1 Χ = 0.216, P = 0.642 Independent 
G2 Χ = 0.5, P = 0.48 Independent 
G3 Χ = 12.579, P < 0.001 Inverse 
G4 Χ = 3.307, P = 0.069 Independent 
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3.4.5 Host – parasitoid synchrony 
On sticky traps, primary parasitoid numbers correlated positively with psyllid 
numbers within sites throughout the year (BP F1,23 = 8.648, P = 0.007, r2 = 0.242; 
GTR F1,23 = 15.99, P < 0.001, r2 = 0.385; KR F1,23 = 17.16, P < 0.001, r2 = 0.403; 
PR F1,23 = 22.5, P < 0.001, r2 = 0.473; PP F1,23 = 9.1, P = 0.006, r2 = 0.252). This 
suggested synchrony between host and parasitoid life cycles. However, between 
different sites, parasitoids appeared to emerge at different time points (Fig. 3.6). In 
the winter generation (G2), the parasitoids appeared earlier in GTR and PR, followed 
by PP and then BP and KR. This difference in emergence was still present, albeit less 
obvious, in spring (G3) before parasitoid peaks became synchronised across outbreak 
sites in both summer generations (G4 and G5). Similar patterns were also observed 
for psyllids (Chapter 2). 
 
Figure 3.6: Parasitoid individuals on sticky traps exposed fortnightly from May 2012 to 
May 2013 across five outbreak sites; P1 a), P2 b) and H c). 
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3.5 Discussion 
We investigated potential causes for the inhibition of parasitoid regulation during the 
peak and decline of an insect herbivore outbreak across native woodland remnants. 
In order to characterise a complex host – parasitoid system we first developed a new 
species-specific multiplex PCR approach to post-emergence mummies. Thereby, we 
detected four different parasitoid species. Against expectation, hyperparasitisation, 
by one hyperparasitoid, did not impact the dominant primary parasitoid species. 
However, psyllid overabundance resulted in intraspecific competition that 
culminated in density dependent nymphal psyllid mortality and therefore larval 
parasitoid mortality. In addition, summer heat waves caused a crash in host and 
parasitoid populations, with stronger effects on parasitoids than host nymphs. 
Minimum winter temperature differences across the surveyed woodland fragments 
may have constrained host – parasitoid synchrony between, but not within, study 
sites. A combination of host density dependent larval parasitoid mortality and heat 
waves in summer, break down in host – parasitoid synchrony in winter, and 
hyperparasitisation may have reduced the ability of host suppression by the 
parasitoid complex and obscured the detection of DD in parasitisation. 
 
3.5.1 Trophic interactions and parasitoid biology 
Grey Box Cardiaspina sp. was attacked by two primary koinobiont endoparasitoid 
Psyllaephagus spp. (P1 and P2), the hyperparasitoid C. psyllae (H) and a rare 
heteronomous hyperparasitoid Psyllaephagus sp. (HH) that was not detected in any 
of the five outbreak study sites. P1, P2 and H completed one generation per host 
generation. The detection of a heteronomous hyperparasitoid is a novelty for 
Hymenoptera outside the family Aphelinidae, for which this type of parasitisation 
has previously been described in a small number of species (Hunter & Woolley, 
2001). 
Psyllaephagus is a diverse parasitoid genus highly specific to psyllids (Riek, 1962b; 
Noyes & Hanson, 1996). In contrast, C. psyllae, is part of an important 
hyperparasitoid genus associated with various hemipterans (Loch & Zalucki, 1998; 
Goolsby et al., 2002; Berry, 2007), although in our study it was specific to P2. We 
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did not detect larval competition between the primary parasitoids through 
multiparasitisation; however, there could still be behavioural adult competition 
which was not investigated. With the exception of P1 and male HH, success rate of 
species detection by species-specific multiplex PCR of post-emergence mummies 
was high. The poor detection of P1 may be due to its apparent lack of a pupal sheath 
(Sullivan et al., 2006) left behind in the mummy. This was evident given that P1 
mummies were translucent and a pupal sheath was not observed. The DNA detection 
success of male HH that develops as a hyperparasitoid in P1 was also low. 
Previously, multiplex PCR has been used a powerful tool for studying trophic 
interactions in both predator – prey (Harper et al., 2005; Juen & Traugott, 2006) and 
host – parasitoid systems (Gariepy et al., 2005; Traugott et al., 2008; Rugman-Jones 
et al., 2011). With our multiplex PCR approach we have demonstrated, for the first 
time, simultaneous detection of multiple parasitoid species by their residual DNA in 
empty mummies, while allowing parasitoid or hyperparasitoid emergence from the 
mummies prior to DNA extraction, and therefore the determination of previously 
unknown trophic links. For example, this method has revealed heteronomous 
hyperparasitisation as a new strategy for parasitoids outside Aphelinidae for the first 
time. 
 
3.5.2 Impact on host by parasitoid complex 
A previous study indicated that parasitoids did not appear to play a key role during 
the peak and decline of this outbreak, while outbreaking host populations were 
regulated by temperature and resource availability (Chapter 2). Here, we investigated 
the reasons for the low impact of parasitoids. We found overall IDD in parasitisation, 
driven largely by the dominant primary parasitoid species P1, at the spatial scales of 
leaf and site with a non-significant trend for tree. This was despite the prediction that 
this system should exhibit DD in parasitisation (Stiling, 1987). 
The hyperparasitoid, C. psyllae, did not appear to have suppressed primary 
parasitisation because it was specialised on the low abundance P2. However, it 
accounted for up to 50 % P2 mortality. P2 showed IDD at the smaller spatial scales 
and DI at the site scale. However, hyperparasitisation exhibited DD to psyllid 
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abundance at the site scale, and it is therefore possible that high levels of 
hyperparasitisation may have caused a breakdown in DD of P2 parasitisation. This 
result is supported by a recent study (Steinbauer et al., 2015), which found that a 
greater abundance of hyperparasitoids was the most likely cause for a lack of 
correlation between parasitisation and psyllid lerp abundance. 
 
3.5.3 Parasitoid and host mortality factors 
The Cardiaspina sp. outbreak resulted in significant defoliation of E. moluccana and 
therefore resource depletion for psyllids, for nymphal feeding and adult oviposition 
(Chapter 2). At high densities the induction of leaf senescence by feeding nymphs 
results in leaf necrosis, and this may negatively impact or kill developing nymphs 
and parasitoids. It has previously been found that psyllid nymphs were significantly 
smaller in the higher density sites (Steinbauer et al., 2014), and this may have also 
increased larval parasitoid mortality (Mueller et al., 1992). 
Across other host – parasitoid systems, IDD in parasitisation is found more 
commonly than DD at high host densities (Morrison & Strong, 1980; Lessells, 1985). 
To our knowledge, our study is the first to investigate the effects of density 
dependent mortality of both host and parasitoid due to host overabundance on 
patterns of parasitisation. The inclusion of density dependent mortality of both hosts 
and parasitoids in the assessment of parasitisation against host density changed IDD 
to DI in two of three scenarios. 
Ives & Settle (1996) reported that density dependent mortality as a result of host 
overabundance was greater in parasitised than unparasitised hosts, and parasitised 
host mortality was greatest prior to mummy formation. Therefore, a large proportion 
of nymphal psyllid mortality in this study may actually be pre-pupal larval parasitoid 
mortality. This requires further investigation in natural outbreaks and in the context 
of density dependence, as it may have resulted in detection of IDD in parasitisation 
in high host density studies. 
Nymphal psyllid and larval parasitoid mortality were highest in G4, due to the 
extreme heat waves in summer 2013 (Chapter 2). Larval parasitoid mortality, 
however, rose far more steeply (from 35 % in G3 to over 70 % in G4) than nymphal 
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psyllid mortality, which rose from 40 % in G3 to over 50 % in G4. This supports the 
prediction that higher trophic levels are more susceptible to extreme temperature 
(Hance et al., 2006). 
 
3.5.4 Host – parasitoid synchrony 
Primary parasitoids were synchronised with their psyllid host within each study site. 
However, winter-emerging parasitoids appeared to experience developmental 
differences between sites, which may have been a result of minimum winter 
temperature differences between sites, as it was also observed for psyllid emergence 
(Chapter 2). This may have constrained the spatial expansion of parasitoid 
populations and therefore reduced aggregation of parasitoids to the warmer sites, 
GTR and PR. Psyllid populations in these sites (especially GTR) were able to 
increase drastically in the following generation (Chapter 2), and this probably 
contributed to our finding of IDD in parasitisation at the site spatial scale. 
 
3.5.5 Conclusions 
High psyllid density was associated with subsequent density dependent mortality in 
both psyllid nymphs and parasitoid larvae. Asynchrony, density dependent host 
mortality and, in particular, increased larval parasitoid mortality may contribute to 
the rare detection of DD in parasitisation during insect outbreaks in natural settings. 
Finally, multiplex PCR approaches on post-emergence mummies have wide-ranging 
potential as powerful tools for investigating trophic links in host – endoparasitoid 
systems. 
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Chapter 4 
Evolutionary relationships of bacterial 
endosymbionts of psyllids 
This chapter was published as: 
Hall, A.A.G., Morrow, J.L., Fromont, C., Steinbauer, M.J., Taylor, G.S., Johnson, 
S.N., Cook, J.M. & Riegler, M. (2016) Codivergence of the primary bacterial 
endosymbiont of psyllids versus host switches and replacement of their secondary 
bacterial endosymbionts. Environmental Microbiology, 18, 2591–2603. 
Please note that this chapter is structured according to the target journal with experimental 
procedures at the end.  
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4.1 Summary 
Coevolution between insects and bacterial endosymbionts contributes to the success 
of many insect lineages. For the first time, we tested for phylogenetic codivergence 
across multiple taxonomic scales, from within genera to superfamily between 36 
psyllid species of seven recognised families (Hemiptera: Psylloidea), their exclusive 
primary endosymbiont Carsonella and more diverse secondary endosymbionts (S-
endosymbionts). Within Aphalaridae, we found that Carsonella and S-
endosymbionts were fixed in one Glycaspis and 12 Cardiaspina populations. The 
dominant S-endosymbiont was Arsenophonus, while Sodalis was detected in one 
Cardiaspina species. We demonstrated vertical transmission for Carsonella and 
Arsenophonus in three Cardiaspina species. We found strong support for strict 
cospeciation and validated the informative content of Carsonella as extended host 
genome for inference of psyllid relationships. However, S-endosymbiont and host 
phylogenies were incongruent, and displayed signs of host switching and 
endosymbiont replacement. The high incidence of Arsenophonus in psyllids and 
other plant sap-feeding Hemiptera may be due to repeated host switching within this 
group. In two psyllid lineages, Arsenophonus and Sodalis genes exhibited 
accelerated evolutionary rates and AT-biases characteristic of long-term host 
associations. Together with strict vertical transmission and 100% prevalence within 
host populations, our results suggest an obligate, and not facultative, symbiosis 
between psyllids and some S-endosymbionts.  
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4.2 Introduction 
Coevolution arises when evolutionary change in one species occurs in response to a 
change in an interacting species (Janzen, 1980). Cospeciation is the parallel 
divergence of interacting species and provides strong evidence for coevolution 
(Thompson, 2005). The strongest evidence for cospeciation derives from congruent 
phylogenies of insects and their vertically inherited, obligate and mutualistic 
bacterial endosymbionts (Fahrenholz, 1913; Legendre et al., 2002; Moran et al., 
2008). These bacteria, known as primary endosymbionts (P-endosymbionts) have 
been key to the evolutionary success of an estimated 15 % of insect species 
(Buchner, 1965), with strict cospeciation detected between many Hemiptera and their 
obligate P-endosymbionts (Baumann et al., 1997; Clark et al., 2000; Thao et al., 
2000b; Kuechler et al., 2013). 
Obligate P-endosymbionts are universal in herbivorous Hemiptera that feed on 
phloem or xylem sap, including Sternorrhyncha (aphids, whiteflies, psyllids and 
scale insects) and Auchenorrhyncha (leafhoppers, cicadas, spittlebugs and 
planthoppers) (Hansen & Moran, 2014). These symbioses are widely considered to 
provide additional nutrient synthesis pathways and therefore enable Hemiptera to 
exploit plant sap as a food resource that would otherwise be inadequate due to its 
deficiency in essential amino acids (Moran, 2007). Given their ubiquitous 
associations with maternally transmitted bacteria, plant sap-feeding species of 
Hemiptera are models for the study of coevolution and have been shown to have long 
histories of codiversification (Hansen & Moran, 2014). 
Extensive genome reduction, as a result of a long coevolutionary history with hosts, 
is a feature common to P-endosymbionts (Moran & Bennett, 2014). In cases of 
severe genome reduction in the P-endosymbiont, secondary endosymbionts (S-
endosymbionts) may complement gene pathways that are essential for host survival 
(Pérez-Brocal et al., 2006; Bennett & Moran, 2013). As an extreme outcome, this 
can lead to replacement of a P-endosymbiont that has lost its symbiotic capacity 
(Conord et al., 2008; Toenshoff et al., 2012; Koga et al., 2013; Toju et al., 2013). 
The P-endosymbiont of psyllids is “Candidatus Carsonella ruddii” (hereafter 
Carsonella) (Thao et al., 2000b). The first fully sequenced Carsonella genome 
(approximately 160 kb) was, at the time, the smallest known bacterial genome 
74 
 
(Nakabachi et al., 2006). Around half of the pathways for the biosynthesis of 
essential amino acids in the Carsonella genome are missing or incomplete, 
questioning its role as a nutrient provisioning P-endosymbiont (Tamames et al., 
2007). Further genome analyses of Carsonella and its associated S-endosymbionts 
confirmed the extensive genome reduction in the former, while providing strong 
evidence for metabolic complementarity in the latter (Sloan & Moran, 2012). Prior to 
this, cospeciation of S-endosymbionts and psyllids had been predicted based on 
biased nucleotide composition and decreased stability of rRNA secondary structure 
characteristic of a long-term intracellular existence (Spaulding & von Dohlen, 2001). 
So far, two studies have reported phylogenetic congruence between psyllid hosts and 
their Carsonella P-endosymbiont as evidence for strict cospeciation (Thao et al., 
2000b; Thao et al., 2001). This conclusion was based on the partition homogeneity 
test. However, it has been suggested that this test has a high type I error rate (i.e. 
false positives) and may not be appropriate as a measure of congruence (Barker & 
Lutzoni, 2002). Since then, the strict cospeciation between Carsonella and psyllids 
has not been challenged further. 
Furthermore, previous studies of psyllid, Carsonella and S-endosymbiont 
cospeciation looked at phylogenetic congruence at a higher taxonomic scale, across 
psyllid families, with fewer representatives of species of the same subfamilies or 
genera. However, it has been proposed that assessing phylogenetic congruence at 
lower taxonomic scales will be more informative as host switches of endosymbionts 
are more likely to occur between closely related hosts (Clark et al., 2000), and 
indeed, one study has found phylogenetic support for at least one host switch within 
the mealybug subfamily Pseudococcinae and their P-endosymbionts “Candidatus 
Tremblaya princeps” (Downie & Gullan, 2005). Yet, few studies have investigated 
host – endosymbiont associations at the lower taxonomic scale, for example within 
host genera. 
Conversely, P-endosymbionts have been proposed as useful markers to address 
phylogenetic relationships between closely related host species that may be 
taxonomically challenging (Jousselin et al., 2009; Nováková et al., 2013). The 
Psylloidea superfamily consists of eight recognised families and 20 subfamilies, 
however, there are still many uncertain relationships at both higher and lower 
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taxonomic scales, and some species groups are unresolved (Burckhardt & Ouvrard, 
2012). If strict cospeciation between psyllids and Carsonella is present, then 
Carsonella could be an important additional marker for integrative taxonomy, and 
for the recognition of higher taxonomic relationships as well as species delimitation. 
Cardiaspina Crawford (Aphalaridae: Spondyliaspidinae) is a genus of Australian 
psyllids feeding on Eucalyptus, and currently has 25 described species (Taylor, 1962; 
Hollis, 2004). Recently, species delimitation within this genus was questioned 
following ambiguity in morphological characters of closely related species with 
different host tree associations, including one unresolved Cardiaspina species with a 
previously unknown Eucalyptus host association of Eucalyptus moluccana (Grey 
Box; GB), on which this species caused significant area-wide defoliation of the 
critically endangered Cumberland Plain Woodland of Western Sydney (Chapter 2). 
In contrast to the P-endosymbionts, the diversity, prevalence, role or codivergence 
patterns of psyllid S-endosymbionts have received less attention. One study found a 
lack of congruence between the S-endosymbiont and Carsonella phylogenies, 
indicating host switches of S-endosymbionts (Thao et al., 2000a). However, this 
study did not include a statistical analysis of phylogenetic congruence, and 
phylogenies were constructed using only one DNA fragment, 16S-23S rDNA, which 
may be present in multiple intragenomic copies potentially overestimating diversity 
(Dale et al., 2003; Nováková et al., 2009). It has also been demonstrated that S-
endosymbionts experience recombination (Mouton et al., 2012), and this can impact 
interpretation of S-endosymbiont phylogenies when based on individual loci. 
Another study suggested that some S-endosymbionts of psyllids exhibited biased 
nucleotide content and decreased stability of rRNA secondary structure, both of 
which could be related to a long-term intracellular existence (Spaulding & von 
Dohlen, 2001). Sloan and Moran (2012) hypothesised that psyllid S-endosymbionts 
have established long-term, stable associations with their hosts and predicted 
widespread, if not universal, presence of these endosymbionts in their hosts. For 
example, Diaphorina citri (Liviidae: Euphyllurinae) houses both Carsonella and 
“Candidatus Profftella armatura” which is found universally in all individuals, and 
also displays a reduced genome (Nakabachi et al., 2013). However, prevalence of S-
endosymbionts in psyllid populations has not yet been studied on a wider set of 
specimens across different taxa. 
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Here, we aimed to test the predicted strict cospeciation between psyllid hosts and 
Carsonella by assessing phylogenetic congruence across multiple taxonomic scales, 
within one genus (Cardiaspina), one subfamily (Spondyliaspidinae), and across 
seven families (Aphalaridae, Calophyidae, Carsidaridae, Homotomidae, Liviidae, 
Psyllidae and Triozidae) of the superfamily Psylloidea. Additionally, we investigated 
the hypothesis of long-term associations between S-endosymbionts and psyllids by 
assessing phylogenetic congruence, nucleotide composition bias and accelerated 
evolutionary rates of S-endosymbionts. Our primary sampling effort focussed on 
species belonging to the Cardiaspina genus, with the inclusion of four species from 
other genera within four psyllid families (Aphalaridae, Carsidaridae, Homotomidae 
and Triozidae). Also included were host and Carsonella gene sequences of other 
psyllid species from GenBank spanning seven of the eight recognised families and 
over half of the subfamilies, with a larger focus on the Spondyliaspidinae subfamily. 
We expected to find: 1) phylogenetic congruence supporting strict cospeciation 
between psyllids and Carsonella across all taxonomic scales of Psylloidea; 2) 
universal presence of S-endosymbionts; 3) strict vertical transmission of both P- and 
S-endosymbionts in psyllids; 4) yet patterns indicative of occasional host switches of 
S-endosymbionts and endosymbiont replacement; 5) molecular patterns in some S-
endosymbionts characteristic of long-term associations, such as AT-biased 
nucleotide composition and faster evolutionary rates; 6) conflicts in the phylogenetic 
placement of some psyllid species (in particular within the genus Cardiaspina) based 
on their nuclear, mitochondrial and Carsonella DNA sequences with the current 
morphology-based classification, necessitating future taxonomic revisions including 
potential future synonymisation of species based on integrative approaches that 
should also include Carsonella genome data because of its strict cospeciation with 
host species. 
 
4.3 Results 
4.3.1 Endosymbiont prevalence 
For Cardiaspina spp. and Glycaspis sp. of the Aphalaridae family, all individuals 
were positive for symbiont-specific 16S/23S rDNA PCR for Carsonella and S-
endosymbionts (Table C1). Arsenophonus was the dominant S-endosymbiont in the 
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Cardiaspina genus, present in every population except for both tested populations of 
Cardiaspina maniformis, which had a Sodalis bacterium. Arsenophonus was also 
found in one Glycaspis sp. population. For species of other psyllid families, 
Carsonella was detected in pooled samples of 10 individuals each of Protyora 
sterculiae (Carsidaridae) and Trioza eugeniae (Triozidae), and in a pooled sample of 
five individuals of Mycopsylla proxima (Homotomidae). Arsenophonus was present 
in T. eugeniae and M. proxima, while P. sterculiae was negative for Arsenophonus 
but not screened for any other S-endosymbionts. No ambiguous nucleotide positions 
were found in any bacterial DNA sequences, suggesting that infections occurred as 
single strains. 
 
4.3.2 Mode of transmission 
All DNA extracts of individual and pooled eggs of GB Cardiaspina sp., Cardiaspina 
albitextura and Cardiaspina tenuitela were PCR positive for Carsonella irrespective 
of surface sodium hypochlorite treatment prior to DNA extraction. The S-
endosymbiont, Arsenophonus was only detected in DNA extracts of 20 pooled eggs, 
while individual eggs were negative. Leaves of Eucalyptus moluccana with and 
without feeding nymphs of GB Cardiaspina sp. were PCR negative for 
Arsenophonus, and similarly, parasitoids emerging from parasitised C. albitextura, 
Cardiaspina fiscella 1, C. maniformis 2, C. tenuitela 1 and GB Cardiaspina sp. were 
negative for the S-endosymbionts (Arsenophonus or Sodalis) of their hosts. 
 
4.3.3 Phylogenetic analyses 
Host sequences were obtained from psyllids for mitochondrial COI (509 bp) and cytb 
(398 bp), and nuclear wg (268 bp), EF-1 alpha (281 bp) and CAD (323 bp) (Table 
C2 and C3). The psyllid phylogeny (Fig. C1) constructed from these concatenated 
sequences appeared to disagree with the current species delimitation of some 
Cardiaspina species based on psyllid morphology, lerp structure and host tree 
association. GB Cardiaspina sp. grouped with two other Cardiaspina species: 
Cardiaspina densitexta and C. tenuitela 1; collected from other box eucalypt species, 
with very little nucleotide divergence (< 5% in COI which was the most divergent 
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gene) between all three entities questioning their species delimitation. Sequences of 
SM Cardiaspina sp. from Eucalyptus robusta (Swamp Mahogany; SM) were 
indistinguishable from C. albitextura from Eucalyptus blakelyi. Furthermore, 
Cardiaspina retator from Eucalyptus camaldulensis and C. fiscella from Eucalyptus 
tereticornis also had very few nucleotide differences, challenging their separation as 
distinct species. 
A wider host phylogenetic analysis was also performed for mitochondrial COI (509 
bp) and nuclear wg (398 bp) of 36 psyllid species spanning seven families and 12 
subfamilies (Fig. C2) with DNA sequences obtained from this study and GenBank 
(Table C2). The corresponding Carsonella phylogeny (Fig. C3) was constructed 
from 16S rDNA (1,553 bp), atpA (765 bp), atpA, G and D (1,835 bp) and rpoB and C 
(2,740 bp) obtained from this study and GenBank (Table C2). The Carsonella 
phylogeny was well resolved, while the host phylogeny was less resolved due to 
limited genetic information. The host and Carsonella phylogenies were similar 
although not in perfect agreement. In both host and Carsonella phylogenies, 
Pachypsylla (Aphalaridae: Pachypsyllinae), represented by two species, was placed 
outside of the other Aphalaridae. 
The phylogenetic analysis of the S-endosymbionts was based on five genes: 23S 
rDNA (495 bp), fbaA (549 bp), ftsK (863 bp), infB (818 bp) and yaeT (596 bp) (Table 
C3). The S-endosymbiont phylogeny (Fig. C4) included Sodalis of C. maniformis 1 
and Arsenophonus from all other psyllids except for P. sterculiae. All individual 
gene trees of Arsenophonus were congruent with each other, suggesting that we did 
not detect recombination and did not accidentally include different copies of 23S 
rDNA across different symbiont genomes. The position of Arsenophonus of 
Glycaspis sp. appeared in a clade with Cardiaspina species, with strong Bayesian 
posterior support. Branch lengths were shorter for the S-endosymbionts than for 
Carsonella, with the exception of Arsenophonus of T. eugeniae and Sodalis of C. 
maniformis 1. 
A host phylogenetic analysis was also performed on mitochondrial COI (662 bp) and 
cytb (545 bp), and nuclear EF-1 alpha (886 bp) genes of Cardiaspina spp., Glycaspis 
sp., T. eugeniae and M. proxima (this study), and GenBank sequences (Table C3) of 
six species of Aphis (Hemiptera: Aphididae) also hosting Arsenophonus (Jousselin et 
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al., 2013; Brady et al., 2014) and Glossina morsitans (Diptera: Glossinidae), hosting 
Sodalis (Toh et al., 2006). The host phylogeny was well resolved and structured as 
expected (Fig. C5). The phylogeny of the S-endosymbionts, Arsenophonus and 
Sodalis, of these host species was based on their 23S rDNA (495 bp) and fbaA (614 
bp) gene sequences (Fig. C6). The individual gene trees of Arsenophonus and 
Sodalis were congruent with each other confirming the absence of recombination or 
paralogous gene copies in our analyses.  The S-endosymbiont phylogeny grouped 
Sodalis from both C. maniformis 1 and G. morsitans, while Arsenophonus was also 
monophyletic. However, Arsenophonus sequences clustered irrespective of their host 
associations: Arsenophonus of Aphis spp., Cardiaspina spp. and Glycaspis sp. were 
very similar, while Arsenophonus of T. eugeniae clustered with Arsenophonus of 
Aphis idaei. Arsenophonus of T. eugeniae and Sodalis of C. maniformis 1 both had 
long branch lengths. 
 
4.3.4 Nucleotide contents and evolutionary rates 
The nucleotide contents and evolutionary rates of 23S rDNA and fbaA obtained from 
psyllid Arsenophonus and Sodalis were compared to those of close bacterial relatives 
obtained from GenBank. The 23S rDNA sequences of Arsenophonus from T. 
eugeniae had a higher AT content (52 %) than its free-living relative Proteus penneri 
(48 %), and facultative Arsenophonus strains from other psyllids and Aphis spp. (47 
– 49 %), although still lower than the related P-endosymbiont of lice “Candidatus 
Riesia pediculicola” (55 %). Similarly, for fbaA, Arsenophonus of T. eugeniae had 
the greatest AT bias (62 %) for this genus. AT bias was similar in P. penneri (61 %) 
and higher in Riesia (69 %) (Table C4a). Sodalis 23S rDNA from C. maniformis 1 
also had a high AT content (48 %) compared to its free-living relative Sodalis 
praecaptivus (45 %) and the two Sodalis endosymbionts of G. morsitans and 
Sitophilus oryzae (45 %) (Table C4b). 
The evolutionary rate of psyllid Arsenophonus based on pairwise comparisons of 23S 
rDNA and fbaA with Tajima’s relative rate test did not differ from the evolutionary 
rate of facultative Arsenophonus of Aphis craccivora (P > 0.05). However, it was 
significantly different from the evolutionary rate of Riesia (P < 0.05), suggesting a 
slower evolutionary rate than in the P-endosymbiont Riesia. The evolutionary rate of 
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Sodalis from C. maniformis 1 based on 23S rDNA was not significantly different 
from the free-living S. praecaptivus (P = 0.074) or the Sodalis endosymbiont of S. 
oryzae (P = 0.201) (Table C5). 
 
4.3.5 Cospeciation analysis 
Overall, phylogenetic congruence between the P-endosymbiont, Carsonella, and its 
psyllid hosts was supported within the Cardiaspina genus and across all psyllid 
subfamilies and families. However, some basal nodes were not fully resolved due to 
the limited availability of representative taxa and host genetic information. TreeMap 
3 mapped the symbiont phylogeny onto the host phylogeny and reconciled their 
evolutionary history through four types of evolutionary events: codivergence of host 
and symbiont; divergence in symbiont but not in host (symbiont divergence); host 
lineage sorting without divergence in symbiont (symbiont stasis or loss); and host 
switch. For congruence analysis of psyllids and Carsonella, TreeMap 3 found just 
one optimal reconstruction with 50 codivergence events, 22 symbiont divergence 
events, 39 symbiont stasis events and 0 host switches (Fig. 4.1). A statistical test with 
TreeMap 3 could not be performed due to the host phylogeny not being fully 
resolved. Both distance-based analyses also supported a significant level of 
congruence between the phylogenies (P < 0.001, HCT and ParaFitGlobal = 64.889, P 
< 0.001, ParaFit). Furthermore, ParaFit’s test of individual links suggested that 33/37 
host – endosymbiont associations significantly contributed to the global fit (Table 
C6). 
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Figure 4.1: Tanglegram of concatenated host psyllid COI (509 bp) and wg (398 bp), and Carsonella 16S rDNA (1,556 bp), atpA (765 bp), atpA, G and D 
(1,835 bp) and rpoB and C (2,740 bp) phylogenies containing 36 species of seven families depicting the host-symbiont associations. Bayesian posterior 
support values are provided at the nodes. Species from this study are shown in bold and GenBank accession numbers for sequences are provided in Table S2. 
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In contrast, the S-endosymbionts did not show phylogenetic congruence with their 
hosts. TreeMap 3 found 19 optimal reconstructions with a maximum of 20 
codivergence events, 12 – 17 symbiont divergence events, 35 – 52 symbiont stasis or 
loss events and 0 – 12 host switches (Fig. 4.2). A statistical test could not be 
performed due to the wider host and endosymbiont phylogenies not being fully 
resolved. Both distance-based analyses agreed that there was no congruence between 
the phylogenies (P < 0.098, HCT and ParaFitGlobal = 0.043, P = 0.387, ParaFit). 
Furthermore, ParaFit’s test of individual links suggested that none of the host – 
endosymbiont associations were significant (Table C7). 
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Figure 4.2: Tanglegram of concatenated host insect COI (662 bp), cytb (545 bp), EF-1 alpha (886 bp) and S-endosymbiont 23S rDNA (495 bp) and fbaA 
(614 bp) phylogenies depicting the host-symbiont associations. Bayesian posterior support values are provided at the nodes. Species from this study are shown 
in bold and GenBank accession numbers for downloaded sequences are provided in Table S3. 
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4.4 Discussion 
The phylogenies of the P-endosymbiont Carsonella and its host psyllids were highly 
congruent, providing strong evidence for strict cospeciation at both higher (across 
families) and lower (within subfamily and genus) taxonomic scales. Carsonella and 
S-endosymbionts belonging to either Arsenophonus or Sodalis genera were 100 % 
prevalent within species of Cardiaspina and Glycaspis, while Arsenophonus was the 
most commonly detected S-endosymbiont of psyllids. In contrast to Carsonella, the 
phylogeny of S-endosymbionts was not congruent with the host phylogeny and 
provided evidence for several host switches and endosymbiont replacement. 
However, molecular patterns in S-endosymbiont genes were characteristic of long-
term associations in C. maniformis and T. eugeniae. Our data supports the hypothesis 
that S-endosymbionts of psyllids serve a complementary role to Carsonella and, 
therefore, and in contrast to S-endosymbionts in many other hemipterans, may 
function as obligate rather than facultative S-endosymbionts. Furthermore, the 
phylogenetic analyses of Cardiaspina and Carsonella genes revealed conflicts with 
the current taxonomic placement of certain species, suggesting that lerp structure and 
host tree association may not always provide accurate species-level identification and 
classification, while Carsonella may be highly informative for integrative taxonomic 
approaches. 
 
4.4.1 Symbiont identification, prevalence and mode of transmission 
The P-endosymbiont Carsonella was found in all individuals of Cardiaspina spp. 
and Glycaspis sp., as well as in pooled samples of M. proxima, P. sterculiae and T. 
eugeniae. Within the genus Cardiaspina, two S-endosymbiont lineages were 
identified. The dominant S-endosymbiont was Arsenophonus, which was present in 
all individuals except for C. maniformis individuals, which all had a Sodalis 
bacterium. Another study revealed that Carsonella was present in all of 16 tested 
individuals of M. proxima, while Arsenophonus was present in two, and another S-
endosymbiont was present in all individuals (CF, personal communication). 
Both P- and S-endosymbionts were found in eggs irrespective of their surface 
treatment with sodium hypochlorite suggesting vertical transmission. While 
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Carsonella was detected in all DNA extracts of individual and pooled eggs of three 
Cardiaspina species, the S-endosymbiont, Arsenophonus, was only detected in 
pooled eggs. This suggests lower titres of Arsenophonus than Carsonella in eggs, 
and therefore potentially stronger host-generational bottlenecks for S-endosymbionts 
than P-endosymbionts, potentially increasing the opportunity for symbiont 
replacements. A quantitative PCR experiment investigating bacterial densities over 
the developmental stages of Cardiaspina spp. might demonstrate fluctuations or 
critical life stages for endosymbiont density changes. We found no evidence of 
horizontal transmission of S-endosymbionts through host plants or shared parasitoids 
because leaf tissue and parasitoid species were PCR negative. Host plant-facilitated 
transmission has previously been demonstrated for Rickettsia (Caspi-Fluger et al., 
2011) and Cardinium (Gonella et al., 2015), while parasitoids may vector Wolbachia 
(Morrow et al., 2014; Morrow et al., 2015) and diversity patterns suggest they may 
transmit Arsenophonus (Jousselin et al., 2013). 
Arsenophonus are characterised by a large host range and wide range of symbiotic 
relationships, including facultative reproductive manipulators (Gherna et al., 1991), 
facultative symbionts that are likely beneficial to hosts (Kapantaidaki et al., 2015), 
and obligate mutualists (Allen et al., 2007). Arsenophonus is widespread in plant 
sap-feeding Hemiptera including whiteflies (Thao & Baumann, 2004; Mouton et al., 
2012; Kapantaidaki et al., 2015; Pandey & Rajagopal, 2015), aphids (Jousselin et al., 
2013; Bansal et al., 2014; Brady et al., 2014) and psyllids (Thao et al., 2000a; 
Hansen et al., 2007; Sloan & Moran, 2012). S-endosymbionts within the Sodalis 
clade have also been described in plant sap-feeding aphids (Burke et al., 2009), scale 
insects (Dhami et al., 2013) and psyllids (Thao et al., 2000a). Sodalis endosymbionts 
are mostly facultative in blood-sucking flies (Nováková & Hypša, 2007) and 
stinkbugs (Hosokawa et al., 2015), but appear to have transitioned to obligate 
mutualism in tsetse flies (Toh et al., 2006) and rice weevils (Oakeson et al., 2014).  
 
4.4.2 Phylogenetic placement of Cardiaspina species and broader scale assessment 
of Psylloidea 
Carsonella appeared to be a suitable additional marker for species delimitation and 
assessing relationships of psyllids. Nuclear and mitochondrial host genes, as well as 
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Carsonella genes, did not support the species status of all Cardiaspina species 
included in this study with confidence. SM Cardiaspina sp. appeared to be the same 
species as C. albitextura. Therefore our study has extended the host range for C. 
albitextura of Eucalyptus camaldulensis and Eucalyptus blakelyi (both in Eucalyptus 
section Exsertaria) (Taylor, 1962; Hollis, 2004) to also include E. robusta of the 
Eucalyptus section Latoangulatae. In addition, sequences of GB Cardiaspina sp. and 
C. densitexta did not separate into two distinct lineages and may constitute a single 
species (also see Steinbauer et al., 2014). Furthermore, sequences of C. tenuitela 1 
were also very similar, suggesting that it could also be a part of the same species. All 
three taxa have been reported from different box species of the Eucalyptus section 
Adnataria and therefore appear to have a preference for closely related Eucalyptus 
species. Future studies that involve wider sampling across populations should 
address this further. Any synonymisation would also result in an expansion of host 
plant ranges of individual species. Finally, C. retator and C. fiscella formed a single 
clade with little substructure. This suggests that these two described species may also 
form a single species that has previously been misclassified based on lerp structure 
and host tree associations (Taylor, 1962). The lerps of C. retator and C. fiscella are 
distinct (Taylor, 1962), thus casting doubt on the use of lerp structure and host tree 
associations as species identifiers in this genus of psyllids. Both have been described 
with slightly different Eucalyptus associations (Taylor, 1962), yet these different 
Eucalyptus associations may impact lerp structure. If synonymised they may have an 
overall wider Eucalyptus host range within the sections Adnataria and 
Latoangulatae. 
Beyond the Cardiaspina genus, host and Carsonella phylogenies mostly agreed with 
the current classification of Psylloidea, while questioning a few species relationships 
(Burckhardt & Ouvrard, 2012). The two Pachypsylla species included in our analysis 
were separated from the rest of the Aphalaridae family and appeared more closely 
related to M. proxima and P. sterculiae, thereby making Aphalaridae a polyphyletic 
group. Trioza eugeniae, an Australian species, was used to root the phylogeny, and 
was split from the other two species of the Triozidae family, T. urticae and 
Neotriozella hirsuta, both from the Northern Hemisphere. However, this may have 
been a result of too limited genetic information available, and in the Carsonella 
phylogeny, the Triozidae representatives were not split. 
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4.4.3 Cospeciation of Carsonella and psyllids 
Cospeciation analysis of Carsonella and Psylloidea, including representatives from 
seven of the eight recognised psyllid families and over half of the subfamilies was 
supported in two out of three cophylogenetic analyses. It was not possible to use 
TreeMap for an overall cospeciation analysis due to the host phylogeny not being 
fully resolved. However, ParaFit indicated that there were four individual 
associations not contributing to the overall cospeciation finding. These were M. 
proxima, P. sterculiae and the two Pachypsylla species. These species belong to 
three different recognised families; Homotomidae, Carsidaridae and polyphyletic 
Aphalaridae respectively. However, the position of these species in the host 
phylogeny did not appear to be correct, as the Pachypsylla species were separated 
from the other Aphalaridae by P. sterculiae. With only a single representative 
available for the Carsidaridae and Homotomidae families it is possible that these 
conflicts between host and endosymbiont phylogenies were a result of 
methodological artefacts due to limited sampling and sequence information 
availability from these groups. 
 
4.4.4 Nucleotide content and evolutionary rates test of S-endosymbionts 
Endosymbionts that have experienced long-term coevolution with their hosts tend to 
have AT-biased nucleotide contents and accelerated molecular evolutionary rates that 
reflect purifying selection caused by their restricted niche use (Wernegreen, 2002; 
Moran et al., 2008). For the genes used in this study, Carsonella is known to have 
accelerated evolutionary rates and an AT nucleotide bias when compared with non-
endosymbionts (Thao et al., 2000b; Thao et al., 2001). 
With only one exception, Arsenophonus nucleotide content, based on 23S rDNA and 
fbaA, was not different between psyllid and aphid species, and P. penneri, the closest 
free-living relative of Arsenophonus. The exception was in T. eugeniae, which 
exhibited a higher AT-bias, although not as high as the AT-bias in Riesia, the closest 
obligate endosymbiont relative of Arsenophonus. This could represent a transition in 
Arsenophonus of T. eugeniae from a facultative to an obligate long-term association. 
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In contrast to many other psyllid species included in our study, T. eugeniae is a gall-
forming psyllid, and this different host plant use may have promoted a more stable 
long-term association with its S-endosymbiont, i.e. less chance of horizontal 
transmission (Liu et al., 2014). However, this conclusion is in contrast to previous 
knowledge of galling psyllids of Pachypsylla species and Cecidotrioza sozanica 
which appeared to lack S-endosymbionts entirely, and it was believed that the galls 
acted as nutrient sinks and reduced the need for endosymbionts (Spaulding & von 
Dohlen, 2001). Inclusion of additional galling psyllids in the future might shed more 
light on whether this ecological niche promoted a tighter association between hosts 
and S-endosymbionts. The Sodalis endosymbiont from C. maniformis 1 also 
exhibited an AT-bias, based on 23S rDNA, when compared to free-living S. 
praecaptivus (Chari et al., 2015). Interestingly, it was also more AT-biased than two 
Sodalis lineages that are in a transitional phase from facultative to obligate 
endosymbionts in the hosts G. morsitans (Toh et al., 2006) and S. oryzae (Oakeson et 
al., 2014). 
23S rDNA and fbaA of psyllid Arsenophonus did not have different evolutionary 
rates than facultative Arsenophonus in the aphid A. craccivora, but had significantly 
slower rates than the obligate endosymbiont Riesia of lice. The evolutionary rate of 
23S rDNA in Sodalis from C. maniformis 1 was not significantly different to that of 
free-living S. praecaptivus (although it was close to significant). It was also not 
significantly different from the near obligate Sodalis endosymbiont of S. oryzae. 
This, combined with more strongly biased AT-nucleotide content, suggests that 
Sodalis in C. maniformis could be in a transitional phase from a facultative 
endosymbiont to an obligate mutualist. 
 
4.4.5 Lack of cospeciation of S-endosymbionts and psyllids 
At broader taxonomic scales across a diverse range of insect hosts, Arsenophonus 
exhibited patterns of past horizontal transmission, whereby distantly related 
organisms harboured very closely related strains, with apparent patterns of 
monophyly and congruency with their host phylogenies (Nováková et al., 2009; 
Jousselin et al., 2013; Duron et al., 2014). In this study, phylogenetic congruence of 
S-endosymbionts and their hosts was not supported. Between psyllid species, a host 
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switch was found between Arsenophonus of Cardiaspina and the closely related 
Glycaspis sp., providing indirect evidence for past horizontal transmission events of 
S-endosymbionts between psyllid species. Therefore, horizontal transmission of S-
endosymbionts may occasionally occur, albeit not directly detected in this study. 
We also examined Arsenophonus strains of aphids of the Aphis genus (Jousselin et 
al., 2013; Brady et al., 2014). The host phylogeny formed monophyletic clades of 
psyllids and aphids, while the endosymbiont phylogeny exhibited numerous 
examples of host switching. Furthermore, Arsenophonus was fixed in Cardiaspina 
species with the exception of two C. maniformis populations that had a fixed Sodalis 
endosymbiont as evidence for a symbiont replacement. Arsenophonus from T. 
eugeniae and Sodalis from C. maniformis 1 exhibited long branches, which may be 
due to accelerated evolutionary rates, and can lead to unstable clustering and 
phylogenetic instability (Nováková et al., 2009). The S-endosymbiont phylogeny 
was not well resolved in this case, and may have, in part, been a result of these long 
branches. However, this does provide further evidence of these two S-endosymbionts 
demonstrating characteristics typically associated with P-endosymbionts. 
 
4.4.6 Conclusions 
Based on phylogenetic congruence analyses, the present study provided the first 
strong evidence of strict cospeciation between Carsonella and their psyllid hosts 
across both high and low taxonomic scales, i.e. between families, and within the 
subfamily Spondyliaspidinae and the genus Cardiaspina, respectively. Furthermore, 
the combined phylogenetic analyses of host and the P-endosymbiont Carsonella 
revealed issues with the species delimitation within the genus Cardiaspina that will 
require future biological and taxonomic investigations, and our study highlighted the 
usefulness of obligate P-endosymbionts for integrative taxonomy. For S-
endosymbionts, we did not find phylogenetic congruence with hosts, but instead host 
switching and replacement events (although we did not find evidence for horizontal 
transmission of S-endosymbionts in plant tissue or parasitoids). However, in at least 
two instances, molecular patterns in S-endosymbiont genes also suggested long-term 
host associations. Additionally, our results demonstrated, for the first time, that some 
S-endosymbionts appear to be vertically transmitted, widespread and seemingly at 
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100 % prevalence in psyllids. Overall, these findings suggest an obligate, rather than 
facultative, mutualistic host relationship of some S-endosymbionts in psyllids. 
Therefore, we predict that all psyllid species have the P-endosymbiont Carsonella 
and one obligate S-endosymbiont species, while they may also host other facultative 
S-endosymbiont species that may facilitate occasional replacement of S-
endosymbionts. Arsenophonus had a particularly high incidence across different 
psyllid taxa, and in combination with previous studies of aphids, this suggested 
repeated successful host switches of Arsenophonus strains into groups of hemipteran 
plant sap-feeders. Future work should include genomic analysis of metabolic 
complementarity between Carsonella and S-endosymbionts, and a more widespread 
assessment of the diversity and prevalence of S-endosymbionts in psyllids. Psyllid 
nutrition should also be investigated in greater detail (Steinbauer et al., 2014; 
Steinbauer et al., 2016) to identify the selective pressures that may have mediated 
obligate symbioses with some S-endosymbionts. 
 
4.5 Experimental Procedures 
4.5.1 Psyllid collection 
Adults and nymphs were collected from Cardiaspina spp. and Glycaspis sp. (both 
Spondyliaspidinae of the family Aphalaridae), M. proxima (Homotomidae), P. 
sterculiae (Carsidaridae) and T. eugeniae (Triozidae) (Table C8). For Cardiaspina 
spp., twelve populations were sampled. According to current Cardiaspina 
identification keys based on adult morphology, lerp structure and host tree 
associations (Taylor, 1962), these twelve populations were assigned to seven 
described species: C. albitextura, C. densitexta, C. fiscella (two populations), C. 
maniformis (two populations), C. retator, C. tenuitela (two populations) and C. 
vittaformis, as well as an unidentified Cardiaspina sp. collected from E. moluccana 
(Grey Box) referred to as GB Cardiaspina sp. (Chapter 2), and an unidentified 
Cardiaspina species collected from E. robusta (Swamp Mahogany) referred to as 
SM Cardiaspina sp. (Table C8). 
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4.5.2 Symbiont screening 
DNA was extracted from individuals using the Gentra Puregene Tissue Kit (Qiagen, 
Germany) following the manufacturer’s instructions. With the exception of C. 
tenuitela 2, for which only second to third instar nymphs were available, all DNA 
extractions were of adults and fifth-instar nymphs. 
When possible, 10 individuals per population were PCR-screened for Carsonella by 
using specific 16S rDNA primers CR 16S F and CR16S R (Nachappa et al., 2011). 
The reaction mix comprised 1 × GoTaq PCR buffer, 0.5 U GoTaq DNA polymerase 
(Promega, Madison, WI, USA), 3 mM MgCl2, 0.1 mM of each dNTP, 0.5 µM of 
each primer and 1 µL DNA template in 10 µL reaction volume. The PCR conditions 
were 94 °C for 3 min, 35 cycles of 94 °C for 30 sec, 50 °C for 30 sec and 72 °C for 
60 sec, with a final extension for 10 min at 72 °C using a BioRad DNA engine 
Dyad®, Peltier Thermal Cycler (CA, USA).  
Specific primers (Table C9) for common facultative endosymbionts of insects were 
used to screen psyllid individuals. DNA extracts of aphid, whitefly, thrips or 
butterfly were used as positive controls. Screening for Sodalis was done with SodF 
and R1060 (Nováková & Hypša, 2007) and the same reaction mix and cycling 
conditions as for Carsonella. Screening for Arsenophonus was done with Ars23S-1 
and Ars23S-2 (Thao & Baumann, 2004) and the same conditions except 48 °C 
annealing temperature and 40 cycles. 
 
4.5.3 Mode of endosymbiont transmission 
On the Hawkesbury campus of Western Sydney University (33°36’S, 150°45’E), six 
adult females of GB Cardiaspina sp. were isolated, each with a male, in organza 
bags (mesh size 125 × 170 mm2) on E. moluccana leaves and allowed to lay eggs. 
The females and six eggs per female were individually subjected to DNA extraction 
following the Gentra Puregene protocol. Prior to extraction, three of these eggs were 
surface sterilised by treatment with 1 % sodium hypochlorite for three minutes, 0.3 
% Triton-X for one minute and UltraPure water for five minutes. In addition, three 
pooled samples (20 eggs each) were surface sterilised (as per previous protocol) and 
three pooled samples were not. Six individual eggs and six pooled egg samples were 
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also obtained from C. tenuitela 1 and C. albitextura. Eggs were collected from six 
different leaves with egg batches to independently sample from different mothers. As 
before, three individual eggs and three pooled egg samples from each species were 
surface sterilised prior to DNA extraction. Extracts were then PCR screened for 
Carsonella and Arsenophonus. 
Potential for horizontal transmission of Arsenophonus of GB Cardiaspina sp. via 
plant material was tested by PCR screening of DNA extracts of E. moluccana leaves. 
In September 2013, four leaves were randomly collected in a container with ice from 
four sites of varying psyllid infestation: Mt Annan Botanic Garden (34°3' S, 150°46' 
E) as an uninfested site, the aforementioned Hawkesbury campus and Craik Park 
(33°55' S, 150°48' E) as intermediately infested sites (6 – 25 fourth and fifth instar 
nymphs per leaf), and Rossmore Park (33°56' S, 150°45' E) as a heavily infested site 
(32 – 47 fourth and fifth instar nymphs per leaf). The leaves were surface washed 
following the method described in Sagaram et al. (2009) prior to DNA extraction. 
Three leaf sections of 1 cm2 per leaf were DNA extracted with the DNeasy Plant 
Mini Kit (Qiagen, Germany) following the manufacturer’s protocol. 
Potential for horizontal transmission of S-endosymbionts by parasitoid wasps was 
also examined. Emerging parasitoids were collected from parasitised mummies of C. 
albitextura, C. fiscella 1, C. maniformis 2, C. tenuitela 1 and GB Cardiaspina sp. 
kept in gelatine capsules, and then sorted into morphospecies. Three morphospecies 
were obtained from C. maniformis 2, and four morphospecies from the other 
Cardiaspina species. Between five to ten individuals of each parasitoid morphotype 
were screened for the S-endosymbionts of their psyllid hosts, i.e. Arsenophonus or 
Sodalis after DNA extraction according to the previously described method. 
 
4.5.4 Phylogenetic analysis 
For host species, three phylogenies were constructed, one based on the larger 
sequence information available from the species collected in this study, and broader 
phylogenies including GenBank sequences of 36 species spanning 12 subfamilies 
and 7 families according to Burckhardt and Ouvrard (2012) (Fig. C2), as well as six 
Aphis species and G. morsitans from GenBank (Fig. C3). Host genes included 
mitochondrial COI (Simon et al., 1994) and cytb (Jermiin & Crozier, 1994), and 
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nuclear genes wg, EF-1 alpha and CAD, with nuclear primers specifically designed 
for this study (Table C10). 
A Carsonella phylogeny was constructed from the 36 psyllid host species with 16S 
rDNA and atpA sequences (Table C10). Furthermore, sequences for atp spanning 
across the A, G and D regions, and rpo spanning across the B and C regions were 
acquired for C. albitextura, C. densitexta, C. fiscella 1, C. maniformis 1, C. tenuitela 
1, GB Cardiaspina sp., P. sterculiae and T. eugeniae from an Illumina HiSeq 
sequencing project (Morrow et al. unpublished data). 
S-endosymbiont phylogenies were constructed from 23S rDNA (Thao & Baumann, 
2004), fbaA (Duron et al., 2010), and infB, ftsK and yaeT (Table C10) sequences of 
psyllids collected in this study and Aphis spp. and G. morsitans from GenBank. 
Primers were designed in the program PriFi (Fredslund et al., 2005) from sequence 
alignments of wg, EF-1 alpha, CAD, atpA, ftsK, yaeT and infB genes of C. 
albitextura, C. tenuitela, C. densitexta and GB Cardiaspina sp. obtained from the 
Illumina HiSeq shotgun sequences of single adult males by using GenBank sequence 
information of these genes from a range of hemipteran insects. Host and symbiont 
DNA sequences of T. eugeniae and P. sterculiae were acquired from whole genome 
sequencing, derived from a pooled sample of 10 adult bacteriomes per species. 
Briefly, QIAamp (Qiagen) DNA extracts were subjected to whole genome 
amplification with Repli-G mini kit (Qiagen) followed by TruSeq library 
preparation; these were run as part of a multiplexed group on two 2 x 101 bp lanes of 
Illumina HiSeq Rapid. Mycopsylla proxima sequences were generated on a single 
multiplexed MiSeq lane, using a Nextera library preparation of DNA extracted from 
a sample of five pooled adults. 
DNA sequences were trimmed and edited in Sequencher 4.10.1 (Gene Codes 
Corporation, Ann Arbor, MI, USA) and deposited in GenBank (Table C2 and C3). 
Sequence alignments were performed in Clustal X 2.1 (Larkin et al., 2007). Partial 
sequences and missing genes were included in all phylogenies and coded as missing 
data (‘?’). Ambiguous sites (double peaks) were only apparent in the host nuclear 
genes and were coded according to the IUPAC nucleotide ambiguity codes 
(http://www.bioinformatics.org/sms/iupac.html). Evolutionary models were selected 
for each gene dataset using Bayesian Information Criterion in MEGA 6.06 (Tamura 
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et al., 2013) (Table C11). Phylogenetic relationships were estimated for individual 
gene trees (not shown) and their structure was visually compared. Concatenation 
only occurred if host and endosymbiont trees were congruent. Concatenated gene 
trees were constructed using Bayesian inference in MrBayes 3.2.2 (Ronquist et al., 
2012). Posterior probabilities were calculated using four independent chains, 
including one cold, for 1 million generations, sampling every 100 generations, or 
until convergence was reached (< 0.01). The first 25 % of trees generated were 
discarded and a 50 % majority rule consensus tree was returned. FigTree 1.4.0 
(Rambaut, 2012) was used to view the trees. Trioza eugeniae was used to root the 
psyllid and Carsonella phylogenetic trees, as it was the most distantly related taxa 
according to Burckhardt and Ouvrard (2012), and this was supported by p-distances 
generated in MEGA (not shown). Sodalis was used to root the Arsenophonus 
phylogenies, as the isolated lineage, and G. morsitans was used to root the combined 
psyllid and aphid phylogeny. Gene tree topologies were highly similar, while 
concatenated trees provided better resolution and were therefore deemed best for 
further analyses (Corl & Ellegren, 2013; Viale et al., 2015). 
 
4.5.5 Nucleotide content and evolutionary rates test 
The nucleotide content and evolutionary rates of 23S rDNA and fbaA were compared 
between Arsenophonus of psyllids and A. craccivora and the obligate P-
endosymbiont Riesia (GenBank CP001085). Likewise, the evolutionary rates of 23S 
rDNA of Sodalis of C. maniformis 1, free-living S. praecaptivus (GenBank 
CP006569), and Sodalis endosymbionts of G. morsitans (GenBank AP008232) and 
S. oryzae (GenBank CP006568) were compared. Evolutionary rates comparisons 
were performed with Tajima’s relative rate test (Tajima, 1993) in MEGA 6.06 using 
the outgroup P. penneri (GenBank GG661996). The χ2 test statistic was used and P-
value < 0.05 was used to reject the null hypothesis of equal rates between lineages. 
 
4.5.6 Cospeciation analysis 
We examined congruence between both the Carsonella and S-endosymbiont 
phylogenies and their host phylogenies using three methods: a topology-based 
method, TreeMap 3 (Charleston & Robertson, 2002), and the two distance-based 
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methods ParaFit (Legendre et al., 2002) and Hommola’s cospeciation test (hereafter 
HCT) (Hommola et al., 2009). Briefly, TreeMap 3 was used to reconstruct 
tanglegrams and to assess congruence between host and endosymbiont phylogenies. 
Statistical significance was evaluated by mapping 1,000 random endosymbiont trees 
onto the host tree to estimate whether the number of codivergence events was due to 
chance alone. ParaFit and HCT were implemented in R 3.2.2 (R Development Core 
Team, 2015) using the ape 3.3 package (Paradis et al., 2004). Both of these methods 
were assessed from patristic distance matrices for the host and endosymbiont 
phylogenies, as well as an association matrix of the host – endosymbiont links. The 
observed correlation between matrices was compared to a null distribution of matrix 
correlations created through 10,000 permutations. 
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Chapter 5 
Diversity and host specificity of Cardiaspina 
parasitoids 
This chapter has been submitted to a peer-reviewed journal: 
Hall, A.A.G., Steinbauer, M.J., Taylor, G.S., Johnson, S.N., Cook, J.M. & Riegler, 
M. Cryptic diversity, host specificity, trophic and coevolutionary interactions in 
Australian psyllid – parasitoid food webs. 
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5.1 Abstract 
Parasitoids are hyperdiverse in their species richness and trophic roles. Many species 
are morphologically and functionally cryptic, and therefore difficult to study. Very 
little is known about the host specificity and trophic interactions of psyllid 
parasitoids while these factors are recognised in their general importance for species 
diversification. We sampled the diverse parasitoid communities of up to seven 
Cardiaspina and one Spondyliaspis species (Hemiptera: Aphalaridae) and 
characterised their phylogenetic relationships. Both psyllid genera are endemic to 
Australia and feed exclusively on Eucalyptus; Cardiaspina comprises several 
significant canopy defoliating species, including one species that is invasive outside 
Australia. 
We used a morphospecies-specific multiplex PCR approach on parasitised psyllid 
nymphs to elucidate intricate trophic links between psyllid hosts and emerging 
parasitoid morphospecies. The parasitoid communities of Cardiaspina spp. and 
Spondyliaspis sp. included four encyrtid endoparasitoid morphospecies with highly 
conserved trophic roles: two primary parasitoid and one heteronomous 
hyperparasitoid morphospecies of the genus Psyllaephagus, and one obligate 
hyperparasitoid species, Coccidoctonus psyllae. In the heteronomous Psyllaephagus, 
females were primary parasitoids while males were hyperparasitoids. This is the first 
record of heteronomous hyperparasitism within Hymenoptera outside of the family 
Aphelinidae. 
Analysis of nuclear and mitochondrial DNA sequence divergences suggested that the 
number of genetically delimited Psyllaephagus species across all tested psyllid 
species was potentially three times higher than the three recognisable morphospecies, 
while the hyperparasitoid Co. psyllae formed a single generalist species. However, 
cophylogenetic analysis revealed unprecedented codivergence of the generalist 
hyperparasitoid with its primary parasitoid morphospecies host complex indicating 
speciation of the hyperparasitoid into host specific species. 
Overall, wide sampling of parasitoids from multiple Cardiaspina species, DNA 
barcoding and cophylogenetic analysis revealed that parasitoid and hyperparasitoid 
diversification was predominantly driven by host specificity while some host 
switching of primary parasitoids between co-occurring hosts had occurred. This 
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degree of parasitoid specialisation to phylogenetically closely related psyllid hosts 
with similar ecologies suggests highly intimate relationships of this important group 
of endoparasitoids. We conclude that the generalist strategy may be rare in 
endoparasitoids despite the high conservation of morphology and trophic roles, and 
that endoparasitoid species richness is likely to be much higher than currently 
estimated. 
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5.2 Introduction 
Most insects suffer from attack by parasitoids that can influence host population 
dynamics and therefore play a major role in many food webs (Godfray, 1994). 
Therefore, investigating parasitoid diversity, host specificity, and multi-trophic 
interactions is a major research focus in biodiversity and community ecology with 
outcomes that have applied implications such as in biological control. Parasitoids are 
hyperdiverse, both in their trophic roles and species richness; it is estimated that 
hymenopteran parasitoids alone make up more than 20 % of the world’s insect 
species (LaSalle & Gauld, 1991). 
The predominant drivers of parasitoid diversification are niche and host specificity 
(Stireman et al., 2006; Forbes et al., 2009; Hood et al., 2015). In niche specific 
parasitism, hosts that share ecological niches such as location, feeding niche or host 
plant, may share very similar parasitoid communities (Askew & Shaw, 1986). In 
contrast, host specific parasitism relates to parasitoids having a single host species or 
host species that are phylogenetically closely related with each other (Strand & 
Obrycki, 1996). Assessing parasitoid diversification is a difficult task as it requires 
knowledge of the species identity and ecology of both the host and parasitoid across 
multiple systems (Bailey et al., 2009). 
Cophylogenetic analysis can provide insights into speciation and diversification if 
the ecology of the host species and their respective parasitoids is known. Very few 
studies have tested for codivergence between insect hosts and their parasitoids (but 
see Lopez-Vaamonde et al., 2001; Lopez-Vaamonde et al., 2005; Deng et al., 2013; 
Peralta et al., 2015), and none have investigated cophylogenetic relationships 
between hosts, primary parasitoids and their hyperparasitoids. Given that 
hyperparasitoids can be host specific to either the host herbivore (e.g. Völkl & Starý, 
1988) or the primary parasitoid (e.g. Evenhuis, 1976), cophylogenetic analyses could 
provide further insight into their evolutionary relationships. 
Parasitoids are very diverse, with many morphologically similar species, and perhaps 
only about 1 % of all parasitoid species have been described (LaSalle & Gauld, 1991; 
Godfray, 1994). Therefore, studying host – parasitoid food webs can be very 
challenging (Godfray et al., 1999). DNA barcoding and molecular approaches have 
greatly improved sensitivity and accuracy in species identification and food web 
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studies (Gariepy et al., 2007; Hrček & Godfray, 2015). DNA barcoding has been 
used to show that parasitoid species thought to be generalists are in fact host specific 
cryptic species, and hence parasitoid species richness is likely to be far higher than 
currently estimated (Smith et al., 2007; Derocles et al., 2015). Molecular approaches 
can help elucidate trophic roles of parasitoid species. A recent study attempted to 
apply PCR-SSCP (single-stranded conformation polymorphism) on parasitised aphid 
mummies after parasitoid wasps had emerged (Varennes et al., 2014). In principal, 
analysing post-parasitoid emergence mummies in combination with emerging 
parasitoids would allow the assembly of food webs of species with little or no prior 
knowledge, as it would also reveal the outcome of interactions. However, Varennes 
et al. (2014) were not able to detect multiple species, as it would be seen in the case 
of hyperparasitisation, at a high success rate. 
Eucalyptus-feeding psyllids, native to Australia, are highly diverse and can cause 
significant damage to their host plants during heavy infestations (Collett, 2001). 
They have also become serious pests of Eucalyptus plantations overseas (Brennan et 
al., 1999; Valente et al., 2004; de Queiroz Santana & Burckhardt, 2007). 
The principal natural enemies of psyllids are chalcidoid parasitoids (Hymenoptera), 
including species from the families Aphelinidae, Encyrtidae, Eulophidae and 
Pteromalidae (Riek, 1962b). Of particular significance are species belonging to the 
encyrtid genus Psyllaephagus Ashmead (Riek, 1962b). This genus includes 
morphologically difficult to distinguish species, and both primary parasitoids and 
hyperparasitoids have been described (Riek, 1962b). So far, around 110 
Psyllaephagus species are known in Australia (Noyes & Hanson, 1996), however, it 
is estimated that the actual diversity might be as high as 1,000 species (Noyes & 
Hayat, 1994). The dearth of knowledge about host specificity and trophic roles of 
Psyllaephagus spp. hinders assessment of their capacity to regulate psyllid 
abundance (Steinbauer et al., 2015). Psyllaephagus species are koinobiont 
endoparasitoids (Noyes & Hanson, 1996), that is they feed inside of still developing 
hosts before eventually killing it. This biology should theoretically result in greater 
host specificity because the parasitoids are constrained by their intimate 
physiological relationship to their hosts (Askew & Shaw, 1986). 
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Cardiaspina Crawford (Hemiptera: Aphalaridae) includes the most damaging of 
Eucalyptus-feeding psyllids (Collett, 2001; Steinbauer et al., 2014). Serious 
outbreaks of several Cardiaspina species have occurred in mainland Australia 
(Clark, 1962; White, 1970; Campbell, 1992). Furthermore, Cardiaspina fiscella has 
spread to New Zealand (Withers, 2001) and Norfolk Island (Australian Government 
Department of Agriculture, 2014). Current knowledge of parasitoids and 
hyperparasitoids attacking Cardiaspina psyllids suggests that several 
morphologically distinct species exist that are more generalist in their psyllid host 
choice (Riek, 1962b, a). 
We have sampled parasitoid communities associated with several species of 
Cardiaspina and one species of the closely related genus Spondyliaspis from 
different species of Eucalyptus across a wide geographic range. Sampling at this 
lower taxonomic host scale enabled us to examine whether closely related psyllid 
species with similar ecological niches shared parasitoid communities. In order to test 
this on this previously little studied host – parasitoid system, we combined DNA 
barcoding of emerging parasitoid wasps and morphospecies-specific multiplex PCR 
on post-emergence mummies to characterise parasitoid diversity, host specificity and 
trophic roles. We then performed cophylogenetic analyses to test for codivergence 
between hosts and their parasitoids. We hypothesised that koinobiont endoparasitoid 
and endohyperparasitoid species codiverge with host species, and therefore, we 
expected to see a higher parasitoid diversity and host specificity than anticipated 
from current knowledge about morphological diversity of this genus. Furthermore, 
we predicted that, based on expected cryptic diversity, the generalist strategy of 
parasitism in parasitoids would be rare even between phylogenetically closely related 
host psyllids that occupy highly similar ecological niches. 
 
5.3 Methods 
5.3.1 Field sampling and identification of parasitoid morphotypes 
Parasitoids were collected from seven populations of Cardiaspina species and one 
Spondyliaspis sp. population from sites in the Australian Capital Territory, New 
South Wales and South Australia (Table D1). According to adult and lerp 
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morphology, host tree association and DNA barcoding, Cardiaspina populations 
were assigned to species (C. albitextura Taylor, C. densitexta Taylor, C. fiscella 
Taylor, C. maniformis Taylor, C. tenuitela Taylor and C. vittaformis Froggatt). We 
did not assign Cardiaspina from Eucalyptus moluccana Roxb. (Grey Box) to any 
described species due to its new Eucalyptus association (GB Cardiaspina sp.) and 
uncertain species status (Chapter 2). For the Spondyliaspis sp. and five of the seven 
Cardiaspina populations, host plant leaves infested by psyllids were collected from 
trees within arm’s reach from the ground and placed into zip-lock bags. Collections 
were performed when psyllid nymphs were between third and fifth instar. The zip-
lock bags were monitored daily for the development of mummies, which were then 
placed into individual gelatine capsules. Following emergence, parasitoids and post-
emergence mummies were separated into tubes containing absolute ethanol for 
subsequent analysis. For C. densitexta and C. vittaformis we only obtained adult 
parasitoid wasps which were collected from zip-lock bags with infested leaves. Adult 
parasitoids were grouped into morphotypes, and sex was determined based on 
ovipositor and antennal morphology (Riek, 1962b, a). The translucent versus opaque 
(black) appearance of mummies was also informative for species differentiation. 
Furthermore, the parasitoid morphotypes from two of the Cardiaspina species that 
had reached significant outbreak levels on E. moluccana (GB Cardiaspina sp.) and 
Eucalyptus tereticornis Sm. (C. fiscella) were also confirmed by John LaSalle and 
vouchered with the Australian National Insect Collection (CSIRO, Canberra) (Table 
D2). 
 
5.3.2 DNA barcoding of parasitoid morphospecies 
Parasitoids were assigned to eight morphotypes which were later grouped into two 
primary parasitoid (P1 and P2), one hyperparasitoid (H) and one heteronomous 
hyperparasitoid (HH) morphospecies, as well as one rare aphelinid morphospecies. 
Where possible, four adult wasp specimens per morphospecies from each psyllid 
population were DNA barcoded. For some specimens, DNA was extracted non-
destructively following the protocol described in King et al. (2015) while for others 
DNA was extracted after tissue homogenisation. DNA barcoding was performed 
with cytochrome b (cytb) (CB1 and CB2; Jermiin & Crozier, 1994), and the D2 
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expansion segment of nuclear 28S rDNA (D2-3551 F and D2-4057 R; Gillespie et 
al., 2005). The reaction mix for both loci comprised 1 × GoTaq PCR buffer, 0.5 U 
GoTaq DNA polymerase (Promega, Madison, WI, USA), 3 mM MgCl2, 0.1 mM of 
each dNTP, 0.5 µM of each primer and 2 µL DNA template in a 20 µL reaction 
volume. The PCR conditions for cytb were 94 °C for 3 min, 30 cycles of 95 °C for 15 
sec, 45 °C for 20 sec and 72 °C for 30 sec, with a final extension for 10 min at 72 °C, 
and for 28S rDNA the PCR conditions were 94 °C for 3 min, 30 cycles of 94 °C for 
45 sec, 55 °C for 30 sec and 72 °C for 90 sec, with a final extension for 30 min at 72 
°C using a BioRad DNA engine Dyad®, Peltier Thermal Cycler (CA, USA). PCR 
amplicons were sequenced by Macrogen (Korea), and DNA sequences were edited in 
Sequencher 4.10.1 (Gene Codes Corporation, Ann Arbor, MI, USA) and deposited in 
GenBank (Table D3). 
 
5.3.3 Phylogenetic analysis and species delimitation 
A phylogeny of the parasitoid morphospecies from each psyllid population was 
constructed based on concatenated cytb and 28S rDNA sequences. Sequence 
alignments were performed in Clustal X 2.1 (Larkin et al., 2007). Evolutionary 
models were selected for the two gene datasets separately using Bayesian 
Information Criterion in MEGA 6.06 (Tamura et al., 2013); HKY + G for cytb and 
T92 + G for 28S rDNA. Phylogenetic relationships were estimated for gene trees 
(with highly similar topologies as the concatenated tree) and the concatenated tree 
using Bayesian inference implemented in MrBayes 3.2.2 (Ronquist et al., 2012). 
Posterior probabilities were calculated using four independent chains, including one 
cold, for 5 million generations, sampling every 100 generations, or until convergence 
was reached (< 0.01). The first 25 % of trees generated were discarded and a 50 % 
majority rule consensus tree was returned. FigTree 1.4.0 (Rambaut, 2012) was used 
to view the trees. Putative species boundaries were found for the gene trees of both 
loci using the bPTP web server (Zhang et al., 2013) and the default parameters. 
Sequence divergence for both loci was calculated using the p-distance analysis in 
MEGA. 
A psyllid host phylogeny was constructed from concatenated sequence data of 
mitochondrial genes COI (Simon et al., 1994) (506 bp) and cytb (Jermiin & Crozier, 
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1994) (398 bp), and nuclear genes wg (268 bp), EF-1 alpha (281 bp) and CAD (323 
bp) designed for this study (Table D4 and D5). Also included was COI sequenced 
from three Spondyliaspis sp. individuals (KT388061). Some gene sequences were 
not obtained for Spondyliaspis sp. and they were therefore coded as missing data in 
MrBayes 3.2.2. The gene tree topologies were highly similar and the concatenated 
tree provided greater resolution and was therefore deemed best for further analyses 
(Corl & Ellegren, 2013). Putative species boundaries were found for the 
concatenated psyllid phylogeny using the bPTP web server. 
 
5.3.4 Identification of trophic interactions 
A morphospecies-specific multiplex PCR on post-emergence mummies was used to 
examine trophic interactions. The basic principle of this technique was the DNA 
sequence analysis of emerging parasitoids and morphospecies-specific PCR testing 
of post-emergence mummies. If DNA of the psyllid host and the emerging parasitoid 
species was detected in the post-emergence mummy then this was indicative of the 
emerging parasitoid as a primary parasitoid. If DNA of the host and two parasitoid 
species was present in the post-emergence mummy then the emerged species was 
determined to be a hyperparasitoid of the primary parasitoid species that did not 
emerge. 
Morphospecies-specific primers were designed based on morphospecies alignments 
of cytb sequences using SP-Designer v7.0 (Villard & Malausa, 2013). Sequences of 
P1 and HH from C. albitextura and C. tenuitela were too different to P1 and HH 
from the other host species. Therefore their specific primers had to be designed from 
separate alignments. Parameters were set for each primer pair to give a minimum of 
two diagnostic sites within the last five nucleotide positions at the 3’ end of each 
primer, different amplicon lengths (145 – 400 bp) and similar annealing temperatures 
to allow for multiplexing (Table 5.1). Amplicon sizes for the primers of P1 and HH 
from C. albitextura and C. tenuitela were not different enough to P2 and H. 
Therefore, for parasitoids of these two host species, the multiplex PCR had to be 
performed in two stages; one multiplex PCR for P1 and HH, and another for P2 and 
H. Morphospecies-specificity and ability of the primers to co-amplify in different 
template DNA combinations were confirmed by both single and multiplex PCR 
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using adult wasp and psyllid DNA. DNA sequencing of PCR products confirmed that 
they were not artefacts. 
DNA from mummies was extracted using the Gentra Puregene Tissue Kit (Qiagen, 
Germany) following the manufacturer’s instructions. Mummy extracts were deemed 
informative if DNA of both the emerging parasitoid and psyllid were detected by 
PCR. Psyllid DNA was amplified with primers for wg. For each parasitoid 
morphospecies and sex from each host population, two to 20 informative mummies 
were subjected to multiplex PCR in a 10 µL reaction comprising 1× Qiagen 
Multiplex PCR Master Mix, 0.2 µM morphospecies-specific forward and reverse 
primers, 1 µL DNA template and UltraPure water. Cycling conditions according to 
the Qiagen Multiplex PCR Kit protocol were used with 57 °C as annealing 
temperature. 
A subset of the post-emergence mummy extracts was also tested with each 
morphospecies-specific primer pair to confirm the multiplex PCR results. This was 
to control for low DNA yield in post-emergence mummies, especially as the primary 
parasitoids could have been consumed by hyperparasitoids. All single and multiplex 
PCR reactions included a negative control, without a DNA template, and a positive 
control, containing an equal mix of all parasitoid species and psyllid DNA.
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Table 5.1: Morphospecies-specific mitochondrial cytochrome b primers designed for the parasitoid species associated with five Cardiaspina spp. and one 
Spondyliaspis sp. host populations. Primers for C. densitexta and C. vittaformis were not developed because no post-emergence mummies were sampled. 
Target species Biology Host population Primer Target gene Primer sequence (5' - 3') Amplicon size (bp) 
P1a 
Psyllaephagus sp. Primary parasitoid 
C. fiscella 
C. maniformis 
GB Cardiaspina sp. 
Spondyliaspis sp. 
P1aCBfor 
P1aCBrev cytochrome b 
AGCAATCCCTTACTTAGGAAATACAG 
GAACGTAAAATTGCATAAGCAAAAAG 400 
P1b 
Psyllaephagus sp. Primary parasitoid 
C. albitextura 
C. tenuitela 
P1bCBfor 
P1bCBrev cytochrome b 
ATTAATAATGCAACCCTTAATCGATTCTAC 
CGTAAAATCGCGTAAGCAAATAGG 340 
P2 
Psyllaephagus sp. Primary parasitoid All 
P2CBfor 
P2CBrev cytochrome b 
GATTTTATTCATTTCATTTCATTTTACCA 
TATGAGTATGATGTACAAATCAATAAAAGT 215 
H 
Coccidoctonus psyllae Hyperparasitoid All 
HCBfor 
HCBrev cytochrome b 
TTGTACTATGATTATGAGGAGGGTTC 
GGAGTCACTATTGGGTTAGCTTTA 315 
HHa 
Psyllaephagus sp. 
Heteronomous 
hyperparasitoid 
C. fiscella 
C. maniformis 
GB Cardiaspina sp. 
Spondyliaspis sp. 
HHaCBfor 
HHaCBrev cytochrome b 
GGAGATAATATTGTTTTATGACTATGAGGT 
CCCRGTTTCATGAAGAAATATTAAATGG 145 
HHb 
Psyllaephagus sp. 
Heteronomous 
hyperparasitoid 
C. albitextura 
C. tenuitela 
HHbCBfor 
HHbCBrev cytochrome b 
TTTATTCATTTCATTTTATTATACCTTTTG 
AATAAACTGTGCATACAATTAAAAGG 205 
Cardiaspina sp. psyllid Host All wg72F wg361R wingless 
GACGGTGCTTCTAGAGTAATGG 
GCACATCGTTCCACAACAATAA 235 
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5.3.5 Cophylogenetic analysis 
Phylogenetic congruence was examined between parasitoid morphospecies and their 
respective hosts, i.e. between P1 and P2 and their psyllid hosts, between the 
hyperparasitoid, H, and its host (P2) as well as psyllids, and between HH and its 
hosts (P1 and psyllids). Parasitoid phylogenies were constructed from the dominant 
genotype (GT) for each morphospecies, or GT1 if there was no dominant genotype 
(Table D3). Both host and parasitoid phylogenies were rooted with the most distantly 
related species according to p-distances. Congruence was examined using three 
methods: topology-based TreeMap 3 (Charleston & Robertson, 2002), and distance-
based ParaFit (Legendre et al., 2002) and Hommola’s cospeciation test (hereafter 
HCT) (Hommola et al., 2009). Briefly, TreeMap 3 was used to reconstruct 
tanglegrams and to assess congruence between host and parasitoid phylogenies. 
Statistical significance was evaluated by mapping 1,000 random parasitoid trees onto 
the host tree to estimate whether the number of codivergence events was due to 
chance alone. ParaFit and HCT were implemented in R 3.2.2 (R Development Core 
Team, 2015) using the ape 3.3 package (Paradis et al., 2004). Both of these methods 
were assessed from patristic distance matrices for the host and parasitoid 
phylogenies, as well as an association matrix of the host – parasitoid links. The 
observed correlation between matrices was compared to a null distribution of matrix 
correlations created through 10,000 permutations. 
 
5.4 Results 
5.4.1 Collection and molecular identification of parasitoid morphospecies 
A total of 1,023 parasitoid wasps emerged from mummies in gelatine capsules or 
were collected from zip-lock bags with Cardiaspina and Spondyliaspis host 
populations that represented at least seven known host species (Table 5.2). Eight 
distinct parasitoid morphotypes were identified across all psyllid species. From a 
previous assessment of the GB Cardiaspina sp. parasitoid community (Chapter 3), it 
was known that seven of these morphotypes likely represented four morphospecies, 
three of which were sexually dimorphic (P2, H, HH) and one that appeared to be 
only female (P1). According to existing identification keys, three of the dominant 
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four morphospecies (P1, P2 and HH) belonged to Psyllaephagus and the other (H) 
was likely Coccidoctonus psyllae Riek (Hymenoptera: Encyrtidae). The number of 
wasp individuals sampled varied between five from C. vittaformis to 456 from GB 
Cardiaspina sp. host populations. P1 was the dominant morphospecies in five of the 
eight host populations, and was present in every Cardiaspina host population. H was 
common across 6/8 of the host populations, and HH was less abundant, but still 
present in six of the eight sampled host populations. 
Apart from the four major morphospecies, one additional rare species (the eighth 
morphotype) was found as female only from the C. tenuitela and Spondyliaspis sp. 
populations. The closest 28S rDNA BLAST match to this species was a Euryischia 
sp. (Hymenoptera: Aphelinidae). 
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Table 5.2: Number of parasitoid wasps emerged from mummies isolated in individual gelatine capsules, separated by morphotype, sex and host species. 
Host P1 (Psyllaephagus sp.) 
P2 
(Psyllaephagus sp.) 
H 
(Coccidoctonus psyllae) 
HH 
(Psyllaephagus sp.) 
Unknown species 
(Aphelinidae) Total 
 female male female male female male female female  
C. albitextura 67 2 10 17 50 0 10 0 156 
C. densitexta 75 2 3 2 2 0 0 0 84 
C. fiscella 1 2 2 59 60 4 9 0 137 
C. maniformis 12 29 21 0 0 6 10 0 78 
C. tenuitela 53 0 0 6 14 0 8 1 82 
C. vittaformis 5 0 0 0 0 0 0 0 5 
GB Cardiaspina sp. 301 57 27 26 26 10 9 0 456 
Spondyliaspis sp. 0 4 9 3 0 2 5 2 25 
Total 514 96 72 113 152 22 51 3 1,023 
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DNA sequences were obtained for cytb (344 bp) and 28S rDNA (509 bp) of all 
parasitoid morphospecies from each host population, with a few exceptions: only a 
single P1 individual was obtained from the C. fiscella population and it failed to 
yield readable sequences; adult specimens of P2 from the C. tenuitela and P1 from 
the Spondyliaspis sp. populations were not obtained for barcoding; and the aphelinid 
only amplified for 28S rDNA from the Spondyliaspis sp. host while attempts to 
amplify cytb were unsuccessful. Within the concatenated phylogeny, the 
morphospecies of HH, H and P2 all constituted separate clades, while P1 was divided 
into two paraphyletic clades (Fig. 5.1). 
For cytb, P1 from C. albitextura, C. densitexta, C. tenuitela and C. vittaformis were ≤ 
2.6 % diverged and were deemed to be a single species according to bPTP (Table 3, 
Fig. 5.1). P1 from C. maniformis and GB Cardiaspina sp. were highly diverged (13.1 
%) from each other and from P1 of the other host species (17.2 – 18.6 %), and were 
found to be separate species. P2 from C. albitextura, C. densitexta and GB 
Cardiaspina sp. were 0.3 % diverged from each other and were thought to be a single 
species. P2 from C. fiscella, C. maniformis and Spondyliaspis sp. were more 
diverged from each other and from the other P2 (8.4 – 16.3 %), and potentially 
represented three additional P2 species. HH from C. albitextura and C. tenuitela 
were < 1 % diverged from each other, but > 15 % diverged from HH of C. fiscella, 
C. maniformis, GB Cardiaspina sp. and Spondyliaspis sp., which were ≤ 4.7 % 
diverged from each other; therefore, HH potentially formed two species. At < 5 % 
divergence between all populations, H constituted a single species. There was very 
little divergence between haplotypes within all morphospecies collected from the 
same host population, indicating an absence of cryptic species within host 
populations. 
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Figure 5.1: Majority consensus phylogeny of parasitoid species associated with seven 
Cardiaspina spp. and one Spondyliaspis sp. host populations. The phylogeny was 
constructed based on mitochondrial cytb (344 bp) and nuclear 28S rDNA (509 bp) using 
Bayesian inference. The genotype (GT) number, host species name and abbreviation of 
parasitoid morphospecies are included as tip labels. Abbreviations for parasitoid 
morphospecies are defined by their trophic roles, i.e. P1 and P2 (primary parasitoids), H 
(hyperparasitoid) and HH (heteronomous hyperparasitoid). P1, P2 and HH are 
Psyllaephagus species. The phylogeny was rooted with the H clade (Coccidoctonus psyllae). 
Bayesian posterior support values are provided at the nodes, and the scale bar represents the 
number of substitutions per site. Frames enclose bPTP putative species according to cytb, 
and the posterior delimitation probabilities are provided outside of the frames. 
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Table 5.3: Maximum cytb (344 bp) sequence divergence (%) comparisons of parasitoid 
morphospecies (P1, P2, H and HH) between populations of psyllid hosts. 
Comparison P1 P2 H HH 
C. albitextura - C. densitexta 0.3 0.3 1.2 – 
C. albitextura - C. fiscella – 10.5 2.3 17.2 
C. albitextura - C. maniformis 17.4 11.6 – 15.1 
C. albitextura - C. tenuitela 0 – 0.6 0.9 
C. albitextura - C. vittaformis 2.3 – – – 
C. albitextura - GB Cardiaspina sp. 17.2 0.3 3.8 15.4 
C. albitextura - Spondyliaspis sp. – 14.8 3.5 16.9 
C. densitexta - C. fiscella – 10.5 1.7 – 
C. densitexta - C. maniformis 17.4 11.6 – – 
C. densitexta - C. tenuitela 0.3 – 9 – 
C. densitexta - C. vittaformis 2.6 – – – 
C. densitexta - GB Cardiaspina sp. 17.2 0.3 3.2 – 
C. densitexta - Spondyliaspis sp. – 14.8 3.5 – 
C. fiscella - C. maniformis – 8.4 – 4.7 
C. fiscella - C. tenuitela – – 2 17.4 
C. fiscella - C. vittaformis – – – – 
C. fiscella - GB Cardiaspina sp. – 10.5 2 2.9 
C. fiscella - Spondyliaspis sp. – 14.8 2.9 3.2 
C. maniformis - C. tenuitela 17.4 – – 15.7 
C. maniformis - C. vittaformis 18.6 – – – 
C. maniformis - GB Cardiaspina sp. 13.1 11.6 – 1.7 
C. maniformis - Spondyliaspis sp. – 16.3 – 3.2 
C. tenuitela - C. vittaformis 2.3 – – – 
C. tenuitela - GB Cardiaspina sp. 17.2 – 3.5 15.7 
C. tenuitela - Spondyliaspis sp. – – 3.2 17.2 
C. vittaformis - GB Cardiaspina sp. 18.6 – – – 
C. vittaformis - Spondyliaspis sp. – – – – 
GB Cardiaspina sp. - Spondyliaspis sp. – 14.8 4.9 2 
 
28S rDNA sequence divergence patterns were similar to cytb yet smaller; P2, in 
particular, displayed very little divergence between host populations (≤ 2.3 %) (Table 
D6). Putative species delimitation of 28S rDNA was the same as for cytb except that 
P2 was suggested to be a single species, although with low support (0.57) (Table 
D7). Furthermore, the support was generally higher for cytb species groupings than 
for 28S rDNA. 
The psyllid phylogeny separated the seven Cardiaspina populations according to the 
described species, although C. densitexta, C. tenuitela and GB Cardiaspina sp. 
formed one clade that was indicated to constitute a single species by bPTP analysis 
(Fig. 5.2). 
113 
 
 
Figure 5.2: Majority consensus phylogeny of Cardiaspina and other psyllid species, 
constructed based on mitochondrial COI (506 bp) and cytb (398 bp), and nuclear wg (268 
bp), EF-1 alpha (281 bp) and CAD (323 bp) using Bayesian inference, and Spondyliaspis sp. 
to root the tree. Bayesian posterior support values are provided at the nodes, and the scale 
bar represents the number of substitutions per site. Frames enclose bPTP putative species, 
and the posterior delimitation probabilities are provided outside of the frames. 
 
5.4.2 Trophic interactions 
Four morphospecies emerged from the mummies in gelatine capsules. H (Co. 
psyllae) was distinct from the other morphotypes (Psyllaephagus spp.) in the more 
setose male antennae, longer female ovipositor and lack of metallic green colour. P1 
had a metallic green thorax and head, while P2 had a metallic green abdomen, which 
also differed in shape from P1. For P1 only females were found while the other 
morphospecies had both females and males, with species characteristic antennae in 
males. HH females were indistinguishable from P1 females but had a distinct 
genotype that matched the distinctive HH males; they also emerged from opaque 
mummies, whereas P1 emerged from translucent mummies. 
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The morphospecies-specific PCR on post-emergence mummies demonstrated that 
the major parasitoid functional morphotypes were highly conserved across host 
systems (Table 5.4). The aphelinid species was not included due to low sample 
number. Two of the four major morphospecies were primary parasitoids (P1 and P2), 
one was a hyperparasitoid which attacked P2, and another was a heteronomous 
hyperparasitoid which used psyllids as host for female wasps and P1 as host for male 
wasps. We also found the DNA of P2 in H hyperparasitised mummies in the C. 
tenuitela population, and the DNA of P1 hyperparasitised mummies from which 
male HH emerged in the Spondyliaspis sp. population, indicating that these 
morphospecies were present in these host systems although we did not obtain their 
adult stages emerging from mummies. No larval competition between the primary 
parasitoid species was detected, because DNA of both P1 and P2 was never detected 
within the same mummy. 
Overall, DNA detection success rate was high. The only species that had a low 
detection success rate was P1 (Table 5.4). In the hyperparasitised mummies, if the 
hyperparasitoid and psyllid host DNA were successfully detected, then the primary 
parasitoid was also detected on every occasion. 
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Table 4: Results of morphospecies-specific multiplex PCR screening of post-emergence 
Cardiaspina and Spondyliaspis mummies. Uninformative mummies were PCR negative for 
either the psyllid host or the emerging parasitoid. For P1, only one morphotype was found 
across all host species. Similarly for HH of C. albitextura and C. tenuitela, only female 
morphotypes were found. It was therefore concluded that P1 for all host species and HH 
from C. albitextura and C. tenuitela were thelytokous. HH from C. albitextura and C. 
tenuitela is likely a cryptic species that is distinct from other HH morphospecies. 
Host 
species 
Emerged 
parasitoid 
species 
Emerged 
species 
DNA 
Psyllid 
DNA 
Other 
species 
DNA 
Informative 
mummies 
Uninformative 
mummies 
Detection 
success 
(%) 
C. albitextura 
P1 Yes Yes No 20 40 33 
P2 female Yes Yes No 7 3 70 
P2 male Yes Yes No 2 0 100 
H female Yes Yes P2 20 5 80 
H male Yes Yes P2 15 2 88 
HH female Yes Yes No 5 5 50 
HH male – – – – – – 
C. fiscella 
P1 Yes Yes No 0 1 0 
P2 female Yes Yes No 2 0 100 
P2 male Yes Yes No 2 0 100 
H female Yes Yes P2 20 7 74 
H male Yes Yes P2 20 6 77 
HH female Yes Yes No 8 1 89 
HH male Yes Yes P1 4 0 100 
C. maniformis 
P1 Yes Yes No 2 10 17 
P2 female Yes Yes P2 17 4 81 
P2 male Yes Yes P2 20 3 87 
H female – – – – – – 
H male – – – – – – 
HH female Yes Yes No 8 2 80 
HH male Yes Yes P1 4 2 67 
C. tenuitela 
P1 Yes Yes No 8 45 15 
P2 female – – – – – – 
P2 male – – – – – – 
H female Yes Yes P2 14 0 100 
H male Yes Yes P2 4 2 67 
HH female Yes Yes No 5 3 63 
HH male – – – – – – 
GB 
Cardiaspina sp. 
P1 Yes Yes No 20 162 11 
P2 female Yes Yes No 20 5 80 
P2 male Yes Yes No 20 4 83 
H female Yes Yes P2 20 6 77 
H male Yes Yes P2 20 6 77 
HH female Yes Yes No 8 1 89 
HH male Yes Yes P1 3 7 30 
Spondyliaspis 
sp. 
P1 – – – – – – 
P2 female Yes Yes No 3 6 33 
P2 male Yes Yes No 4 0 100 
H female – – – – – – 
H male Yes Yes P2 2 1 67 
HH female Yes Yes No 4 1 80 
HH male Yes Yes P1 2 0 100 
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5.4.3 Cophylogenetic analysis 
Phylogenetic congruence between psyllid hosts and P1 was not supported. TreeMap 
maps the parasitoid phylogeny onto the host phylogeny and reconciles their 
evolutionary history through four types of evolutionary events: codivergence in host 
and parasitoid; duplication (divergence in parasitoid but not in host); lineage 
sorting/loss (divergence in host but not in parasitoid, or loss of parasitoid); host 
switching. TreeMap found five solutions with a maximum of 6 codivergence events, 
1 – 4 duplications, 0 – 10 lineage sorting/losses and 0 – 4 host switches by mapping 
P1 onto their psyllid hosts (Fig. D1). A statistical test could not be performed due to 
the P1 phylogeny not being fully resolved. The distance-based analyses found no 
congruence between the host and P1 phylogenies (P = 0.196, HCT and ParaFitGlobal 
= 0.046, P = 0.101, ParaFit). 
TreeMap did not find phylogenetic congruence for psyllid hosts and P2 (P = 0.73) 
based on just one optimal solution, with 6 codivergence events, 4 duplications, 6 
lineage sorting/losses and 0 host switches (Fig. D2). However, both HCT (P = 0.035) 
and ParaFit (ParaFitGlobal = 0.004, P = 0.005) supported phylogenetic congruence 
between psyllid hosts and P2. 
Phylogenetic congruence was supported between P2 and H based on HCT (P = 
0.016), ParaFit (ParaFitGlobal < 0.001, P = 0.043) and TreeMap (P = 0.01), which 
found just one optimal solution, 8 codivergence events and no other types of event 
(Fig. D3a). Furthermore the psyllids were also congruent with the phylogeny of H 
according to HCT (P = 0.015) and ParaFit (ParaFitGlobal < 0.001, P = 0.02). 
However, TreeMap did not support phylogenetic congruence (P = 0.755), and found 
two solutions with a maximum of 6 codivergence events, 3 – 4 duplications, 7 
lineage sorting/losses and 0 – 1 host switches (Fig. D3b). 
Phylogenetic congruence between P1 and HH was supported by ParaFit 
(ParaFitGlobal < 0.001, P = 0.043), and HCT (P = 0.084) and TreeMap (P = 0.07) 
were nearly significant. TreeMap found just one optimal solution with 6 
codivergence events and no other events (Fig. D4a). The other hosts of HH, the 
psyllids, were not phylogenetically congruent with HH; ParaFit (ParaFitGlobal = 
0.004, P = 0.205), HCT (P = 0.458) and TreeMap (P = 0.116), which found seven 
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solutions with a maximum of 8 codivergence events, 2 – 4 duplications, 1 – 4 lineage 
sorting/losses and 0 – 5 host switches (Fig. D4b). 
 
5.5 Discussion 
We characterised the parasitoid communities associated with six recognised species 
of the significant Australian eucalypt psyllid genus Cardiaspina, as well as GB 
Cardiaspina sp. and one Spondyliaspis sp. population. From these eight 
geographically widely sampled populations, we obtained four major parasitoid 
morphospecies with highly conserved trophic roles; two Psyllaephagus primary 
parasitoids and one heteronomous hyperparasitoid, and one obligate hyperparasitoid, 
Co. psyllae. All three Psyllaephagus morphospecies contained cryptic diversity that 
could represent up to nine cryptic species. Diversification of the parasitoid and 
hyperparasitoid species was characterised by host specificity and ecological niche 
specificity driven by geographical differentiation. These results suggest that even at a 
low host taxonomic scale, within a genus of host psyllid species specialised to 
Eucalyptus, koinobiont endoparasitoids are so highly restricted by their intimate 
relationships with their hosts that there will be little prospect of finding generalist 
species. This is an important conclusion to draw for the development of biological 
control programs for invasive species. 
 
5.5.1 Parasitoid morphospecies and trophic roles 
Parasitoids were sampled from Cardiaspina and Spondyliaspis populations in ACT, 
NSW and SA. The seven populations represented six described species and one 
species (GB Cardiaspina sp.) that has not yet been assigned to any known species 
due to its new host association (Chapter 2); however, DNA barcoding suggested that 
GB Cardiaspina sp., C. densitexta and C. tenuitela may be a single species. The four 
major parasitoid morphospecies, consisting of three Psyllaephagus spp. and Co. 
psyllae, were present and abundant in most host populations, while one 
morphospecies (P1) was present in all host populations. 
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The morphospecies-specific PCR approach on post-emergence mummies revealed 
highly conserved trophic roles for each morphospecies. Across the five tested 
Cardiaspina and one Spondyliaspis populations, two primary parasitoid species, P1 
and P2, one hyperparasitoid, H, and one heteronomous hyperparasitoid, HH, were 
detected. 
With the exception of P1, detection of parasitoid DNA in mummies was high (> 60 
%). The poor detection of P1 may be due to its apparent lack of a pupal sheath in the 
mummy (Sullivan et al., 2006). Furthermore, in cases of hyperparasitisation, DNA of 
the primary parasitoid host was detected every time. Our approach has very high 
potential for untangling host – endoparasitoid food webs, including in situations 
where there is no prior knowledge of any of the species involved. Furthermore, this 
approach revealed heteronomous hyperparasitism, for the first time, in Encyrtidae; it 
has previously been detected in the hymenopteran family Aphelinidae and the 
strepsipteran family Myrmecolacidae (Hunter & Woolley, 2001). 
Limitations to our multiplex PCR approach are that it cannot detect self- or 
conspecific superparasitisation where the same female, or a female of the same 
species, parasitises a host that is already parasitised. Furthermore, designing target-
specific primers will be more difficult in systems with less genetic divergence 
between target species. 
Our study is so far the best effort to characterise parasitoid communities of psyllids, 
and of Cardiaspina spp. specifically; P1 was confirmed to be present in all eight host 
populations, and it was the most abundant morphospecies in five. The genus 
Psyllaephagus is known for its marked sexual dimorphism (Riek, 1962b). P1, 
however, appeared to have a single morphotype, thus we concluded that this 
morphospecies is thelytokous. In general, thelytoky appears to confer a fitness 
advantage over sexual reproduction because of the twofold cost of producing males 
(Smith, 1978; Stouthamer, 1993). However, it has also been suggested that asexual 
organisms accumulate deleterious mutations more quickly (Muller, 1964), and this 
places them at a disadvantage in the coevolutionary arms race with natural enemies 
(Lively, 2010). P1 appeared resistant to the obligate hyperparasitoid, H, despite their 
co-occurrence; the mechanisms behind this require further investigation as P1 may 
prove to be a powerful biological control agent in host species outbreaks outside their 
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native range. H appeared absent in the C. maniformis population which could explain 
the shift in this system to P2 as the dominant primary parasitoid. The dominance of 
H in the C. fiscella population and near complete suppression of its primary 
parasitoid host could contribute to C. fiscella more frequently exhibiting outbreaks 
(Campbell, 1992; Collett, 2001; Withers, 2001). 
The fact that we did not record all of the major parasitoid morphospecies in all host 
populations could be because our collections were based on a single sampling effort 
from just a single population for each species, and for C. vittaformis and 
Spondyliaspis sp. not many wasps were obtained. However, this is counterbalanced 
by wide geographic sampling of host species that are a good representation of this 
genus, so that overall our study confirmed the presence of most key parasitoids in 
this host – parasitoid system across different regions and host species. 
 
5.5.2 Parasitoid cryptic species and diversification 
Without DNA barcoding, the primary parasitoids of Cardiaspina and Spondyliaspis 
would have appeared to consist of a few generalist morphospecies. However, genetic 
divergence across host populations of the three Psyllaephagus morphospecies 
indicated putative cryptic species: P1 could comprise three species; P2 four species, 
and HH two species, one from Sydney populations (C. fiscella, C. maniformis, GB 
Cardiaspina sp. and Spondyliaspis sp.) which had both males and females, and a 
second from Canberra populations (C. albitextura and C. tenuitela) for which only 
females were observed. If future research confirms that this second species is 
thelytokous than it may constitute a heteronomous species that lost its 
hyperparasitoid male phenotype due to a switch to thelytoky. In contrast to all other 
parasitoids, H demonstrated little divergence between populations, and was found to 
be a single putative species. 
Host specialisation and geographic isolation were reported as the main drivers of 
diversification, resulting in potential cryptic species in braconid wasps of the 
subfamily Aphidiinae (Hymenoptera: Braconidae) (Derocles et al., 2015). 
Furthermore, the generalist strategy of parasitism has also been challenged by the 
finding of host specific cryptic species in tachinid flies (Smith et al., 2007). 
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All parasitoid morphospecies in our study were koinobiont endoparasitoids or 
endohyperparasitoids, which should result in greater host specificity because they are 
constrained by their intimate physiological relationship with their hosts (Askew & 
Shaw, 1986). Diversification processes of P1 were unclear; three putative cryptic 
species (one per host) were present in three co-occurring Sydney Cardiaspina host 
species (C. maniformis, C. vittaformis and GB Cardiaspina sp.), and the P1 of C. 
vittaformis (Sydney) was shared by populations from Canberra (C. albitextura and C. 
tenuitela) and from Keith (C. densitexta). Phylogenetic congruence analyses did not 
support codivergence between the P1 morphospecies and its psyllid hosts. TreeMap 
found evidence of up to four host switch events; however, as the parasitoid 
phylogeny was not well resolved, it was not possible to determine where these might 
have occurred. Interestingly, GB Cardiaspina sp. did not share P1 with its closest 
Cardiaspina relatives (C. densitexta in Keith and C. tenuitela in Canberra), while 
another Sydney population, C. vittaformis did share P1 with C. densitexta and C. 
tenuitela. 
In contrast, phylogenetic congruence was supported between psyllid hosts and P2 by 
ParaFit and HCT, although not by TreeMap. A similar result was obtained for 
Anicetus (Encyrtidae) parasitoids and their scale insect hosts, with the conclusion 
that diversification was driven by a high prevalence of sorting events and host 
specificity (Deng et al., 2013). Host specificity of cryptic species rather than a single 
generalist morphospecies appeared likely for P2: the two closely related host species, 
C. densitexta (Keith) and GB Cardiaspina sp. (Sydney) shared the same P2. The 
more diverged C. albitextura (Canberra) host also shared this P2 genotype; this 
might be explained by a host switch from the co-occurring C. tenuitela, which was 
closely related to GB Cardiaspina sp. and C. densitexta. While an adult specimen of 
P2 from C. tenuitela was not obtained, the cophylogenetic analysis of the P2-specific 
hyperparasitoid, H, demonstrated a host switch between C. albitextura and C. 
tenuitela. 
We investigated codivergence between the hyperparasitoid Co. psyllae (H) and both 
its primary parasitoid host (P2) and the psyllid host of the primary parasitoid. Species 
delimitation of cytb suggested that H was a generalist on several cryptic species of 
P2. However, 28S rDNA was more conserved and suggested a single P2 species, 
although this was not well supported. Despite being an apparent generalist 
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hyperparasitoid species, H was codiverging with its multiple P2 host species, 
suggesting possible ongoing speciation of H into host specific species. This is 
indicative of a long-term association, possibly since its switch from the genera’s 
original scale insect hosts (Ben-Dov & Hodgson, 1997). Inclusion of a broader host 
range of Co. psyllae and phylogenetic analysis including Coccidoctonus species from 
other hemipteran systems – it also occurs in mealybugs (Goolsby et al., 2002) – 
should provide greater evolutionary resolution of this significant genus of 
hyperparasitoids. 
HH provided an intriguing opportunity to investigate codivergence of a species with 
hosts across two trophic levels (herbivore and primary parasitoid). We found that HH 
was codiverging with P1 according to ParaFit, and borderline non-significant 
according to TreeMap and HCT. Sampling from a broader host range may have 
given a clearer result. However, this trend towards codivergence as a hyperparasitoid 
was stronger than its relationship with the psyllid hosts where it acted as a primary 
parasitoid, for which codivergence was not supported. Host switches of HH occurred 
between psyllid populations from the same location; C. albitextura and C. tenuitela 
from Canberra, and C. maniformis and GB Cardiaspina sp. from Sydney. HH 
diversification appeared more strongly driven by geographic differentiation than host 
specialisation on psyllids; the two HH populations from Canberra were the same and 
genetically diverged from the four HH populations from Sydney (emerged from C. 
fiscella, C. maniformis, GB Cardiaspina sp. and Spondyliaspis sp.), which were the 
same. The weakly supported codivergence of HH with P1 may have been driven by 
the co-occurring Canberra populations, which shared P1 and HH genotypes. 
 
5.5.3 Conclusions 
Parasitoid communities in Cardiaspina psyllids are dominated by Psyllaephagus spp. 
and Co. psyllae. Cryptic species appeared to be highly prevalent in Psyllaephagus, 
and the true diversity of this genus can be expected to be much higher than currently 
estimated. Diversification appeared to be driven predominantly by both host 
specialisation and host switching between co-occurring hosts. High host specificity 
detected in this group means that any biological control program will require highly 
specific parasitoid populations. Yet, shared parasitoid communities in co-occurring 
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hosts have ecological implications, whereby population fluctuations due to an 
outbreak of one psyllid species may impact the population of another species. The 
genera Psyllaephagus and Coccidoctonus may be model genera to study host 
specificity and diversification, as well as provide insights into the evolution of 
hyperparasitism, heteronomous hyperparasitism and thelytoky in parasitoids.  
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Chapter 6 
General Discussion 
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6.1 Introduction 
Identifying the factors and processes that influence population dynamics and 
community structure of organisms, and how these factors and processes interact in 
natural systems remains one of the most significant challenges facing ecologists. The 
research presented in this thesis examined the major factors and processes, and their 
interactions, influencing population abundance and distribution during the peak and 
decline of a massive infestation of E. moluccana (Grey Box, GB) by a Cardiaspina 
psyllid species (GB Cardiaspina sp.) that resulted in severe defoliation of a large 
area of the critically endangered CPW of Western Sydney. Furthermore, it employed 
molecular tools to investigate complex host – parasitoid – hyperparasitoid and host – 
endosymbiont interactions from ecological and evolutionary perspectives across a 
broader range of Cardiaspina and other psyllid species. 
 
6.2 Key findings and limitations 
6.2.1 Population dynamics of a Cardiaspina sp. outbreak 
Chapter 2 reported on the biology and population dynamics of a previously 
undescribed Cardiaspina psyllid – Eucalyptus host association during the peak and 
decline of its outbreak. It also assessed the damage that this psyllid outbreak inflicted 
on tree health across the CPW of Western Sydney. Outbreak studies, in particular in 
natural ecosystems, are mostly opportunistic, which makes this study highly valuable 
as it adds to the rare collection of population dynamics observations during a major 
insect herbivore outbreak. In addition, this particular outbreak occurred for a psyllid 
species that belongs to an underestimated feeding guild (sap-feeding) with respect to 
its potential contribution to herbivory in natural systems (Nooten & Hughes, 2013). 
During the survey period of the outbreak, mean minimum winter temperature was a 
significant driver of psyllid development and abundance in study sites. The warmer 
sites supported greater population sizes and their psyllids developed more quickly 
between July and October 2012. This study joins others that have found significant 
effects of minimum winter temperature on insect population dynamics (Neuvonen et 
al., 1999; Crozier, 2004; Reisen et al., 2010). The case for minimum winter 
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temperature as one of the most important factors influencing organism community 
structure and population change is growing. The GB Cardiaspina sp. outbreak 
resulted in complete defoliation of thousands of hectares of critically endangered 
woodland, and this rapid depletion of leaf resources, coupled with extreme summer 
heat waves in December 2012 and January 2013 resulted in the rapid decline of the 
outbreak across study sites. Given the rarity of severe defoliation events caused by 
insect herbivores, and the ensuing debate about the importance of resource limitation 
(Hairston et al., 1960; Abbott, 2012), this study is important as it demonstrates that 
resource depletion can be a key factor in severe insect herbivore outbreaks. The 
study also further highlights the significance of sap-feeding insects in herbivory. 
Surprisingly, during the decline of the outbreak, top-down control by parasitoids was 
not observed to be a significant factor. Overall, this study supported that climate and 
resource availability appeared more important in regulating population abundance 
than natural enemies (White, 2008). 
Unfortunately, and reflecting the opportunistic nature of studying outbreaks, this 
study, which began in March 2012, was not able to comprehensively investigate 
what caused the outbreak, which began in 2009, with rapid expansion of the affected 
areas in 2011. Furthermore, a thorough investigation into the effects of the 
fragmented nature and urban setting of this outbreak would have made this study an 
important contribution to outbreaks along urban gradients. However, time constraints 
and the volume of data that would have been required to explore these aspects (i.e. 
outbreak initiation, and impact of fragmentation and urban gradients) on top of what 
was achieved in this thesis made it impossible to do so. 
 
6.2.2 Constraints on parasitoid control of a Cardiaspina sp. outbreak 
Chapter 3 focussed on parasitoid diversity and dynamics during the GB Cardiaspina 
sp. outbreak. This chapter identified the trophic roles of three major (P1, P2, H) and a 
rare fourth (HH) parasitoid species and addressed why parasitoid regulation was not 
a significant factor during the peak and decline of the outbreak. Furthermore, this 
study investigated the wider issue of why density dependence (DD) in parasitisation 
is rarely detected in natural settings. 
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Psyllid parasitoids, in particular the principal genus Psyllaephagus, represent an 
understudied system (Noyes & Hayat, 1994). Furthermore, the GB Cardiaspina sp. 
interaction with E. moluccana was a previously unknown host plant interaction (with 
GB Cardiaspina sp. being a potentially new psyllid species). This all meant that a 
method had to be devised to first characterise the species present and their trophic 
roles (i.e. primary parasitoids, hyperparasitoids or heteronomous hyperparasitoids) 
before interpreting surveyed parasitisation rates and sticky trap counts of parasitoid 
morphotypes. A recent study investigated the potential of PCR-SSCP (single 
stranded conformation polymorphism) applied to mummified hosts (mummies) after 
emergence of parasitoids (post-emergence mummies) (Varennes et al., 2014). This 
approach would enable both simultaneous detection of multiple species and the 
outcome of interactions without the need for design of species-specific primers; 
unfortunately, the approach had a low success rate. In this study, species-specific 
primers were designed for each parasitoid morphospecies and multiplex PCR was 
employed to amplify DNA of multiple species from post-emergence mummies, and 
this increased the detection rate when compared with the previous approach 
suggested by Varennes et al. (2014). This study highlighted that multiplex PCR on 
post-emergence mummies has a high resolution potential for complex host – 
endoparasitoid interactions, in particular, as it demonstrated successful application in 
a system without any prior knowledge about species identity and trophic roles. For 
the GB Cardiaspina sp. system, specifically, this approach revealed two 
Psyllaephagus primary parasitoid species (P1 and P2), one hyperparasitoid species 
(H; Coccidoctonus psyllae), and one rare Psyllaephagus heteronomous 
hyperparasitoid species (HH). 
Field surveys revealed that minimum winter temperature differences between study 
sites may have constrained the capacity for parasitoids to aggregate between sites 
due to host developmental differences. Furthermore, the summer heat waves, which 
were partly responsible for the decline of psyllid populations, had a greater lethal 
impact on immature parasitoid development than they did on psyllid nymphs. 
Parasitised hosts were also more susceptible to intraspecific competition resulting in 
greater larval parasitoid mortality where psyllid abundance was highest. Overall 
inverse density dependence (IDD) of parasitisation was detected in this GB 
Cardiaspina sp. outbreak across different spatial scales. In scenarios of high host 
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abundance, IDD is more frequently detected than DD (Morrison & Strong, 1980; 
Lessells, 1985), although it is not well understood why. Incorporation of parasitoid 
and GB Cardiaspina sp. larval mortality into the analysis changed the result in two 
out of three cases from IDD to density independence (DI). This is the first study that 
has tested and found evidence that intraspecific competition in the host species (GB 
Cardiaspina sp.) and subsequent host and parasitoid mortality at high host densities 
impacted patterns of parasitisation. Contrary to expectation, hyperparasitoids did not 
play a significant role in suppressing the primary parasitoids in this outbreak. The 
single hyperparasitoid species detected during the outbreak was host specific to the 
less common of the two primary parasitoid species. However, hyperparasitisation 
was density dependent to host abundance while the primary parasitoid was not, 
indicating that hyperparasitisation may also play a role in obscuring primary 
parasitoid DD in natural settings. A breakdown in DD by higher order consumers 
such as hyperparasitoids (Höller et al., 1993; Ferguson & Stiling, 1996; Steinbauer et 
al., 2015) and birds (Tscharntke, 1992) has previously been suggested. 
While multiplex PCR on post-emergence mummies has proven to be a powerful 
approach to host – endoparasitoid system studies, there is at least one type of 
parasitisation that it cannot detect, and that is superparasitisation. Superparasitisation, 
either by the same female wasp or by a conspecific ovipositing into the same nymph, 
is widespread among insect parasitoids and can result in either advantageous or 
competitive effects for the parasitoid species (Dijken & Waage, 1987; Van Alphen & 
Visser, 1990). Superparasitism has been reported in Psyllaephagus (Patil et al., 1994; 
Angel et al., 2008), although it has not been thoroughly investigated what impact this 
had on parasitoid populations, and future research should investigate this further. In 
this study, parasitoid mortality was measured as mummies from which wasps failed 
to emerge, and incorporation of this mortality into the DD analysis revealed that it 
impacted the parasitisation response. However, in Ives and Settle (1996), mortality of 
the parasitoid Aphidius ervi Haliday (Hymenoptera: Braconidae) as a result of 
density dependent mortality of its host, the pea aphid Acyrthosiphon pisum Harris 
(Hemiptera: Aphididae), was greatest prior to mummy formation. The GB 
Cardiaspina sp. study presented here found high mortality of early instar psyllid 
nymphs, prior to mummy formation. Given the results of Ives and Settle (1996), it is 
possible that at high host abundance, density dependent mortality obscures DD of 
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parasitisation, and it would have been useful to measure larval parasitoid mortality 
prior to mummy formation. 
 
6.2.3 Evolutionary relationships of bacterial endosymbionts of psyllids 
Chapter 4 investigated the diversity, prevalence and coevolutionary dynamics of 
primary and secondary bacterial endosymbionts of psyllids. Prior to this study, strict 
cospeciation of psyllids and their P-endosymbiont, Carsonella, was predicted based 
on two studies (Thao et al., 2000b; Thao et al., 2001) that had based their findings on 
a cophylogenetic test that can potentially produce a high type I error rate, and at a 
high taxonomic scale, with few representative species for each psyllid family 
included. Chapter 4, in contrast, is the first study to test for cospeciation between 
psyllids and Carsonella based on more powerful cophylogenetic analyses, while 
testing relationships at both high and low taxonomic scales. Analyses at lower 
taxonomic scales increase detection likelihood of horizontal transmission (Clark et 
al., 2000). Moreover, a recently formed hypothesis suggested that psyllid S-
endosymbionts have established long-term associations with their hosts and would be 
widespread, if not universally, present in certain psyllid species (Sloan & Moran, 
2012). Therefore, Chapter 4 also investigated incidence and prevalence of S-
endosymbionts of psyllids across a wide set of taxa. 
Cophylogenetic analyses revealed highly congruent phylogenies of Carsonella and 
host psyllids at both high (across families) and low (within subfamily and genus) 
taxonomic scales. This strict cospeciation established that the Carsonella genome 
can be used as an important additional marker for the inference of host phylogenetic 
relationships, as has also been suggested for Buchnera and aphid phylogenies 
(Jousselin et al., 2009; Nováková et al., 2013). Carsonella and S-endosymbionts 
(either Arsenophonus or Sodalis) were 100 % prevalent within Cardiaspina and 
Glycaspis species. In agreement with other hemipteran hosts, where both 
Arsenophonus and Sodalis are widespread (Burke et al., 2009; Mouton et al., 2012; 
Dhami et al., 2013; Jousselin et al., 2013), the phylogenies of the psyllid S-
endosymbionts were not congruent with their hosts, and showed evidence of host 
switching and endosymbiont replacement. However, in contrast with other 
hemipteran hosts, there were two examples, in C. maniformis and T. eugeniae, of 
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molecular evolutionary patterns characteristic of long-term host associations; AT 
nucleotide bias and long branch lengths. Furthermore, phylogenetic analyses of host 
and Carsonella genes revealed conflicts with the current taxonomic placement of 
certain psyllid species, including in the Cardiaspina genus, which suggest that lerp 
structure and host tree association – important aspects used for current species 
assignment (Taylor, 1962) – may not always provide accurate species-level 
identification. 
While building on an extensive field sampling effort, Chapter 4 also relied on 
available host and endosymbiont genetic data from online repositories to broaden the 
spread of the taxa included in cophylogenetic analyses. Unfortunately, there has been 
relatively limited genetic work on psyllids and Carsonella, and even less so on 
psyllid S-endosymbionts. Due to these limitations, it was not possible to include a 
large set of species within every psyllid family and subfamily, and the psyllid 
phylogeny was built on just two gene fragments. This resulted in the phylogeny not 
being fully resolved. Almost all previously published work on psyllid S-
endosymbionts has been based solely on 16S rDNA, which is not a suitable marker 
for phylogenetic analysis in itself as there can be multiple intragenomic copies 
present, e.g. as found for Arsenophonus (Nováková et al., 2009). It was therefore, 
unfortunately, not possible to include previously published psyllid S-endosymbionts 
in this study. 
 
6.2.4 Diversity and host specificity of Cardiaspina parasitoids 
Chapter 5 employed both the multiplex PCR approach on post-emergence mummies 
(developed and tested in Chapter 3) and cophylogenetic analyses to describe the 
diversity, trophic roles, host specificity and diversification of parasitoids from 
multiple Cardiaspina host species. The principal parasitoids of psyllids are 
Psyllaephagus spp., however, very little is known about their host specificity and 
biology (Steinbauer et al., 2015). Furthermore, this genus is a morphologically 
challenging group and it is believed that its actual diversity far exceeds the current 
number of species described (Noyes & Hayat, 1994). Without critical information on 
species identity, trophic links and host specificity, it is not possible to study host – 
parasitoid – hyperparasitoid trophic interactions and impact on host populations. 
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Species-specific multiplex PCR on post-emergence mummies of five Cardiaspina 
spp. and a Spondyliaspis sp. revealed highly conserved trophic roles of four major 
parasitoid morphospecies; the same morphospecies identified in Chapter 2, i.e. two 
Psyllaephagus primary parasitoids (P1 and P2), a Psyllaephagus heteronomous 
hyperparasitoid (HH), and the obligate hyperparasitoid (H), Coccidoctonus psyllae. 
DNA barcoding and sequence divergence within Psyllaephagus morphospecies 
provided evidence for between two to four cryptic species per morphospecies. 
Cryptic species were identified between different host populations, but not within 
host populations suggesting that generalist morphospecies may have diverged over 
time into host specific morphologically indistinguishable (cryptic) species. 
Cophylogenetic analyses suggested that one of the Psyllaephagus primary parasitoid 
morphospecies and its hyperparasitoid, Co. psyllae, diversified primarily due to host 
specialisation with one host switch event between co-occurring host species. This 
correlates with the recent notion in Aphidiinae (Hymenoptera: Braconidae) that the 
generalist strategy might rarely be maintained for long in endoparasitoids, with a 
tendency for generalists to differentiate into host specialised species (Derocles et al., 
2015). As well as host specialisation, there were also examples of ecological niche 
specialisation driven by geographic differentiation, e.g. the parasitoid species’ of co-
occurring C. albitextura and C. tenuitela were shared. This has ecological 
implications in that population fluctuations (especially major outbreaks) of one 
psyllid species may impact the populations of co-occurring species, through apparent 
competition by shared natural enemies. Furthermore, some of the parasitoid species 
also differed in their reproductive systems and host use. Therefore the description of 
thelytoky and heteronomous hyperparasitism makes Psyllaephagus spp. an exciting 
prospect as a model species for studying the evolution of these traits. 
This study was limited by being based on a single sampling effort for each host 
species from a single site. Further, in a couple of species, only a few parasitoids were 
obtained. Greater sampling of parasitoid morphospecies from each host species and 
across more sites would have allowed testing whether the genetic divergence within 
morphospecies represented large intraspecific divergence or genuine cryptic species 
(while such large intraspecific divergence would be unexpected for several parasitoid 
species – thereby adding more weight to the interpretation that the detected diversity 
is indeed cryptic species diversity). Furthermore, inclusion of more sites per host 
131 
 
species and more host species would provide greater insight into diversification 
processes of Psyllaephagus spp. and Co. psyllae. It was also attempted to include 
DNA barcodes of taxonomically identified Psyllaephagus species (provided by John 
LaSalle and Nicole Fisher) collected from Cardiaspina hosts and kept at the 
Australian National Insect Collection (ANIC) in this study for comparison to our 
obtained Psyllaephagus species. Unfortunately, the specimens obtained from ANIC 
were pinned specimens (and not preserved in absolute ethanol), mostly from the 
1960’s and 70’s and both non-destructive and destructive attempts to barcode were 
unsuccessful. 
 
6.3 Applied implications 
Psyllid outbreaks that result in defoliation of Eucalyptus are recognised as a major 
issue for natural ecosystems in Australia, as well as plantations in Australia and 
overseas (Collett, 2001; Paine et al., 2011). Therefore, prevention and control of 
eucalypt psyllid outbreaks has received attention from the perspectives of natural 
resource and plantation management (Collett, 2001). One means of control is 
chemical control of psyllid outbreaks via systemic insecticides either through aerial 
applications or stem injections. However, while chemicals may be effective in 
reducing psyllid numbers, they pose other problems including high cost, significant 
toxicity to non-target species (including natural enemies), variable persistence and 
risks to human health (de Queiroz Santana & Burckhardt, 2007; Miller et al., 2007; 
Ganyo et al., 2012). Plant breeding and genetic modification may be an avenue of 
improving host plant resistance, and this may have considerable applications for 
plantations in the future (e.g. de Queiroz Santana & Burckhardt, 2007), but is not 
helpful in native woodlands and forests. Another avenue of modification could be 
aimed at the insect pest via its closely associated microbiota (such as Carsonella and 
Arsenophonus) (Tang et al., 2004; Pittman et al., 2008; Hail et al., 2011), although 
this will be technically challenging. More appropriate perhaps would be the 
development of strategies around microbial biological control (Lacey et al., 2001). 
However, during this study, no microbial pathogens of psyllids were observed in any 
of the studied species. Therefore, this may require the use of microbial pathogens 
that are perhaps less specific, but more broadly active against hemipteran hosts. 
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Biological control (through natural enemies), has had some success in regulating 
Eucalyptus psyllid outbreaks in plantations overseas where psyllids have become 
invasive (Paine et al., 2015). However, current knowledge, including the results of 
this thesis, appears to suggest that, for the moment at least, natural enemies have 
limited potential, and the key drivers of psyllid outbreaks appear resource and 
climate driven. While this thesis did not investigate biological control directly, its 
results do have applied implications for classical biological control strategies. 
Classical biological control involves the collection of natural enemies associated 
with a pest or closely related species in its native range, and their subsequent release 
in the invasive region of the pest. Parasitoids of the genus Psyllaephagus are the 
principal natural enemies of psyllids and the most frequently used for classical 
biological control (de Queiroz Santana & Burckhardt, 2007; Daane et al., 2012). The 
level of host specialisation of morphologically cryptic co-occurring Psyllaephagus 
species described in this thesis will mean that selection from the right host population 
in the native range will be essential for achieving required host specificity in the 
invasive range. This will also mean that the genetic identity of both psyllid host and 
its associated parasitoid community need to be characterised. Genetic 
characterisation will also establish diagnostic markers for biosecurity protocols 
(Nguyen et al., 2016). 
Finally, an important avenue for reducing the impact of psyllid outbreaks in 
plantations and isolated plantings in gardens, parks and roadsides is through cultural 
control. Cultural control may include the deliberate diversification of flora to 
increase the proportion of non-susceptible plants, and thereby provide habitat for 
diverse arthropod and insectivorous bird communities, as well as increase the 
spacing between susceptible plants (Collett, 2001). This thesis demonstrated the 
severe defoliation of E. moluccana that GB Cardiaspina sp. in outbreak can cause, 
while the co-occurring E. tereticornis and E. crebra remained unaffected. 
 
6.4 Future research directions 
This thesis has provided significant insights into the factors and processes driving 
population dynamics and community structure of organisms. However, there is still 
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much to be learned from the studied systems and the following section will highlight 
the major aspects that require future research. 
 
6.4.1 Processes driving insect herbivore outbreaks 
Chapter 2 and 3 of this thesis reported the major factors and processes driving 
population dynamics and community structure of a Cardiaspina psyllid outbreak 
during its peak and decline. Due to timing, it was not possible to investigate this 
outbreak from its beginning. Processes responsible for initiating psyllid outbreaks 
have not yet received enough attention, although it is likely that climate and nutrient 
availability is a key driver. The plant stress hypothesis states that large departures 
from the normal range of rainfall may induce physiological stress in plants which can 
initiate Cardiaspina psyllid outbreaks (White, 1969). The pulsed stress hypothesis 
suggests that population growth of sap-feeding insects is stimulated by intermittently 
water-stressed plants (Huberty & Denno, 2004). Both hypotheses suggest increased 
susceptibility to insect attack because water-stressed plants exhibit an accumulation 
of solutes, including sugars and amino acids, in the phloem sap that the psyllids feed 
on, and it is assumed that any increase in amino acid content will be beneficial to 
phloem-feeding insects and promote their propagation (White, 1969; Taylor, 1997). 
Future work to empirically investigate outbreak initiation should be aimed at testing 
these hypotheses. One recent study has found evidence of a correlation between 
rainfall and subsequent increased flush foliage (plant vigour hypothesis) with a flush-
feeding Glycaspis sp. outbreak (Gherlenda et al., 2016). This outbreak was then 
followed by outbreaks of two senescence-feeding species, Cardiaspina fiscella and a 
Spondyliaspis sp., which may have been related to host tree stress caused by the 
initial outbreak. 
This study demonstrated both direct (warmer sites supported larger, faster developing 
populations) and indirect (constrained host – parasitoid synchrony) effects of 
minimum winter temperature differences across the distribution of the outbreak. A 
further indirect effect of temperature differences across study sites, not investigated 
in this thesis, might appear with plant water stress, or variable phloem nutrient 
quality. For example, nitrogen uptake and mobility in plant sap has been 
demonstrated to be reduced at lower temperatures in Brassica napus L. and Secale 
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cereale L. (Laine et al., 1994). Future studies of insect populations in systems with 
temperature heterogeneity should aim to include minimum winter temperature as a 
key variable, as evidence is mounting for this to be a significant driver. 
This outbreak occurred in the highly fragmented and critically endangered CPW of 
Western Sydney surrounded by urban and peri-urban environments. It is unknown 
how this setting may have impacted on GB Cardiaspina sp. outbreak, and if future 
outbreaks occur, this system would be a valuable case study to learn more about 
urban insect outbreaks. For example, warmer study sites in winter supported larger, 
faster developing psyllid populations. Most likely, the warmer study sites were 
warmer because of a natural temperature gradient from south to north in the Sydney 
basin (Benson, 1992). However, the study sites that were furthest south, and warmer, 
were also in the most built-up areas. Impervious surfaces such as roads and buildings 
absorb solar radiation and radiate it as heat, and loss of vegetation reduces cooling 
through evapotranspiration; collectively contributing to what is known as the “heat 
island effect” (Raupp et al., 2012). Furthermore, it was found that this outbreak may 
have been exacerbated by human-mediated dispersal of psyllids between fragmented 
woodland pockets; however, this requires further investigation. Finally, fragmented 
woodlands may enable outbreaks to persist for longer as it is possible that movement 
between remnants will allow canopy recovery and then re-infestation. Each 
successive infestation would then place the trees under greater stress and deplete 
their energy resources (and therefore resilience), with increasing tree mortality a 
possibility after several defoliation events. Reinfestation of eucalypts by phloem-
feeding scale insects has been suggested to result in weakened tree vigour and 
mortality (Vranjic & Ash, 1997). Fragmentation, resulting in increased outbreak 
duration has been described for the forest tent caterpillar Malacosoma disstria 
Hübner (Lepidoptera: Lasiocampidae) (Roland, 1993); however, further research is 
required to document this potentially important aspect of fragmentation. 
 
6.4.2 Density dependence (or its absence) in parasitisation 
The results reported in this thesis advance the investigation of density dependence 
(DD) in parasitisation. It was found that intraspecific competition of host herbivore 
(psyllids) resulting in density dependent host and parasitoid mortality might be a key 
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factor obscuring the detection of DD in parasitisation when hosts are at high densities 
(i.e. during insect outbreaks). Further studies should investigate how widespread 
density dependent mortality is, and incorporate density dependent mortality into 
future assessments of DD in parasitisation, in particular during high host abundance. 
Furthermore, density dependent host egg mortality has been documented in some 
insects, for example in Nezara viridula Linnaeus (Hemiptera: Pentatomoidea) 
(Kiritani, 1964) and Locusta migratoria Linnaeus (Orthoptera: Acrididae), and 
further investigation could aim to find whether higher susceptibility to mortality also 
occurs in parasitised eggs in host populations in which egg parasitisation does occur, 
for example egg parasitoids are prevalent on N. viridula (Hokyo et al., 1966). 
Psyllids do not have any recorded egg parasitoids (Hodkinson, 1974). Further 
research is required to investigate whether higher order consumers, such as 
hyperparasitoids or predators, can cause a breakdown of DD in parasitisation (but see 
Tscharntke, 1992; Höller et al., 1993; Steinbauer et al., 2015). 
 
6.4.3 Diversity, prevalence and role of psyllid S-endosymbionts 
Psyllids used in this study appeared to have at least one bacterial S-endosymbiont 
(i.e. Arsenophonus or Sodalis) at 100 % prevalence (i.e. fixed). Future studies should 
screen a wider range of psyllid taxa for S-endosymbionts to determine how 
widespread psyllid S-endosymbionts are, as well as identify the major bacterial 
lineages that can constitute S-endosymbiont in psyllids. Experiments should then be 
performed to investigate the role of psyllid S-endosymbionts. Recently it has been 
suggested that S-endosymbionts may perform a complementary role to Carsonella 
by synthesising essential amino acids that Carsonella cannot synthesise but are 
required for host survival (Sloan & Moran, 2012). Given their high prevalence (or 
fixation) in host populations, this may well be the role of the S-endosymbionts found 
in this study. Future work should therefore include antibiotic treatment experiments 
to remove Carsonella and/or the S-endosymbiont and demonstrate the effect on the 
host, with the expectation of reduced survivorship and overall fitness (and it is 
expected that removal of endosymbionts will negatively impact or stop 
development). Investigation of genomic complementarity between Carsonella and S-
endosymbionts, in particular of the pathways involved in synthesis of essential amino 
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acids, will shed light on whether S-endosymbionts across a broad range of psyllid 
taxa complement the genome of Carsonella, and as such, both endosymbionts are 
required for host growth and survival. Culturing experiments with selective 
microbiological media could test whether psyllid S-endosymbionts are able to exist 
outside of the host. Quantitative PCR experiments investigating both Carsonella and 
S-endosymbiont titres at different developmental stages and sexes, and different 
population densities of the host may demonstrate fluctuations or critical life stages 
for endosymbiont density changes, which may in turn shed light on the metabolic 
demands of the host. Results of such experimental tests will inform about the role of 
bacterial endosymbionts in psyllids and their contribution to the adaptive potential of 
psyllids. This might also call into question whether certain S-endosymbionts of 
psyllids should be called S-endosymbionts, and not co-primary endosymbionts. Co-
primary endosymbionts have been found in many Auchenorrhyncha, usually between 
“Candidatus Sulcia muelleri” and a variable complementary partner (Wu et al., 
2006; McCutcheon et al., 2009; McCutcheon & Moran, 2010; Urban & Cryan, 
2012). This phenomenon was also reported in an aphid species, Cinara cedri 
(Hemiptera: Aphididae), containing the widely recognised P-endosymbiont 
Buchnera, as well as a strain of Serratia symbiotica proposed to be a co-obligate 
partner (Lamelas et al., 2011). 
Another avenue of future research is the relationship between host psyllid nutrition 
and their endosymbionts. Of particular interest is the relationship between galling 
psyllids and S-endosymbionts. This thesis suggested evidence of a more stable long-
term association between the simple pit gall psyllid, T. eugeniae and its S-
endosymbiont than most of the other free-living and lerp-forming psyllid species 
included in the study. However, another study reported an absence of S-
endosymbionts altogether from gall-inducing psyllids and psyllids living in galls 
(two enclosed gall type species, one inquiline species of enclosed galls, and one 
species of deep pit ‘pouch’ gall psyllid) (Spaulding & von Dohlen, 2001). This 
phenomenon was attributed to the fact that plant galls provide a more robust 
nutritional environment than other plant tissue, and therefore reducing the 
dependency of psyllid species developing in galls on bacterial endosymbionts 
(Spaulding & von Dohlen, 2001; Sloan & Moran, 2012). Future research into galling 
psyllids and their dependence on endosymbionts could provide valuable insight into 
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gall formation – a relatively recent evolutionary adaptation thought to have arisen as 
a result of selection pressures associated with the acquisition of nutrition from host 
plants that are inherently low in nitrogen (Yang & Mitter, 1993; Oliveira et al., 
2016). Likewise, it has been found that the phloem sap in new (flush) leaves of E. 
globulus is less deficient in essential and non-essential amino acids than expected for 
Eucalyptus foliage (Merchant et al., 2010; Steinbauer, 2013). This has led to the 
suggestion that free-living shoot feeding psyllid species, such as C. eucalypti, may 
only require nutritional endosymbionts when eucalypt physiology is abnormal (i.e. 
during drought or flooding) (Steinbauer, 2013). Further research on the interactions 
between climate conditions, host plant quality and psyllid endosymbionts might 
provide more insight into what enables psyllid outbreaks to occur. 
 
6.4.4 Psyllid taxonomic revisions and identity of GB Cardiaspina sp. 
This study demonstrated, in particular for Cardiaspina but also more broadly, the 
need for revisions of current psyllid taxonomy. Future work should aim to include 
both host and Carsonella DNA (because this thesis demonstrated it to be 
phylogenetically congruent with its host) into investigations of psyllid phylogenetic 
relationships and classification. It is anticipated that some currently recognised 
Cardiaspina species may become collapsed into less species; C. fiscella and C. 
retator would be synonymised to C. fiscella, as the first described, and C. densitexta, 
C. tenuitela and GB Cardiaspina sp. would become C. tenuitela. If this was the case, 
then differences in the appearance of lerps of each population would likely be the 
result of environmental or host plant chemistry effects, and this should be further 
investigated. Synonymisation of these species, and, potentially, more broadly across 
psyllids, would also have significant implications for psyllid population dynamics, in 
particular if a single species is capable of using a wider range of host plants 
(although Eucalyptus host plants of these species do not always co-occur).  
This study was the first characterisation of a Cardiaspina sp. feeding on E. 
moluccana. However its species status remains unresolved, in particular as all 
nuclear, mitochondrial and Carsonella DNA markers of this species were highly 
similar to sequences obtained for two described species that develop on different (but 
closely related) Eucalyptus hosts, E. fasciculosa F. von Mueller (C. densitexta) and 
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E. melliodora A. Cunn. ex Schauer (C. tenuitela), and these Eucalyptus species do 
not co-occur (Brooker & Kleinig, 2006). In contrast, while C. densitexta and C. 
tenuitela shared parasitoid species’, GB Cardiaspina sp. had a different P1 species, 
even though the same P1 species was present in the region parasitising C. vittaformis 
feeding on E. crebra. This question will need to be investigated further with 
population genetic and/or population genomic approaches, mating experiments and 
host plant preference experiments. 
A small experiment was performed to investigate the host plant acceptance of GB 
Cardiaspina sp.; given that this resulted in a preliminary data set it was not included 
in the main experimental chapters. This preliminary experiment did not test host 
preference, e.g. by female adults for oviposition, but rather whether GB Cardiaspina 
sp. could develop on other Eucalyptus hosts after transfer of first-instar nymphs. This 
was tested by removing infested leaves of E. moluccana from planted Eucalyptus 
trees on Hawkesbury campus (Western Sydney University), and tying these leaves to 
the petioles of still attached leaves of other planted Eucalyptus species on campus, 
and to new E. moluccana leaves as a control. The experiment started with first-instar 
nymphs in an attempt to rear these through to adulthood. Five infested leaves were 
counted for their initial nymph abundance and attached to five individual leaves of 
Eucalyptus spp. (E. moluccana, E. melliodora, E. tereticornis, E. haemastoma Sm., 
E. punctata DC. and E. robusta Sm.). The leaves were isolated in organza bags and 
monitored every three to four weeks to count the number of live nymphs and check 
for adult psyllids. Establishment success of nymphs on new leaves was very low, 
even on their preferred host, E. moluccana (results for this experiment are presented 
in Table E1). However, nymphs were able to establish and began feeding (evidenced 
by lerp construction) on every Eucalyptus spp. except for E. robusta. Nymphs only 
survived to adulthood on E. moluccana and the closely related E. melliodora (the 
natural host species of C. tenuitela). However, survival was higher on E. moluccana 
than E. melliodora (F1,9 = 7.56, P = 0.028), and nymphs were also observed to 
develop more quickly on E. moluccana. With regard to host plant preference it can 
be said that the koala food plantation was placed within the outbreak region of GB 
Cardiaspina sp., and E. moluccana within was naturally infested within, while all the 
other species were not. This suggests that the host plant preference within the tested 
group is clearly limited to E. moluccana while development of GB Cardiaspina sp. is 
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also possible on E. melliodora (which does naturally not occur within the outbreak 
region but was planted). 
 
6.4.5 Diversity and host specificity of Cardiaspina parasitoids 
Chapter 5 found large mitochondrial cytb genetic divergences, supported by 28S 
rDNA genetic structure, within Psyllaephagus morphospecies, which suggested the 
presence of cryptic species, and would support the notion that very few species of 
this genus have so far been described (Noyes & Hayat, 1994). Future studies should 
pursue this finding by using population genetics or SNP based approaches and 
incorporating more populations and more specimens per population to allow species 
delimitation of parasitoids. Within the Cardiaspina psyllid genus, there was evidence 
of parasitoid diversification driven largely by both host specialisation and host 
switching between co-occurring hosts. Sampling from a greater host range is 
required to confirm this finding. Furthermore, not all of the genetic divergence could 
be explained by host specialisation and host switching, and a greater sampling range, 
including from the same Cardiaspina species from different host plants, might reveal 
other sources of diversification. Parasitoid diversification may be driven by host 
plant (Lopez-Vaamonde et al., 2005; Stireman et al., 2006; Forbes et al., 2009), so 
this should also be investigated for Psyllaephagus. As has been suggested for species 
of Metaphycus (Noyes & Hanson, 1996), Co. psyllae may represent an example of a 
species that has switched host to psyllids, as the genus Coccidoctonus mostly 
parasitises scale insects (Ben-Dov & Hodgson, 1997). Cophylogenetic analyses 
sampling across the host range of Coccidoctonus spp. may provide insight into the 
evolutionary origins of this significant hyperparasitoid species. 
Furthermore, future studies of Psyllaephagus may find them to be model organisms 
for studying the evolution of heteronomous hyperparasitism and thelytoky. This is as 
a heteronomous species that uses an already parasitised host for the development of 
male individuals may be negatively impacted by generally low parasitisation rates. 
Therefore such a system may give a selective advantage to any lineages in which 
thelytoky arises. Further research should also focus on the reasons behind the success 
of the P1 Psyllaephagus morphospecies, including how many species constituted this 
morphospecies, what drives their thelytoky (perhaps they were heteronomous at 
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some stage in the past) and how it may have made them the most abundant 
morphospecies in most host populations, as well as reasons for their apparent 
resistance to hyperparasitisation by Co. psyllae. Additionally, future studies should 
investigate why Co. psyllae was not found in the C. maniformis psyllid system, 
despite the fact that its host, P2, was present, and Co. psyllae was also in the same 
region on the same host plant at very high abundance in another psyllid species, C. 
fiscella. This study examined parasitoid diversity and host specificity at a low 
taxonomic scale (within Cardiaspina) to test whether endoparasitoids would be 
specialised even between taxonomically and ecological closely related hosts. Future 
research should now examine psyllid parasitoids on a wider scale, from more 
phylogenetically diverse host species, and broader ecological niches to examine the 
diversity and evolution of, in particular, Psyllaephagus wasps. 
 
6.4.6 Molecular tools to decipher host – parasitoid trophic links 
The species-specific multiplex PCR approach described in this thesis has great 
potential for future host – endoparasitoid studies. DNA barcoding allows more 
confident discrimination of species, and the application of a multiplex approach to 
post-emergence mummies allows elucidation of trophic roles in previously 
undescribed systems. One limitation of the technique that future studies could 
attempt to improve is that it is unable to detect self- or conspecific 
superparasitisation. Currently, no molecular method has been developed that would 
enable detection of superparasitisation (i.e. DNA of the same species/individual). 
One possible avenue might be the use of microsatellite markers to look for allelic 
diversity. 
 
6.5 Concluding remarks 
This thesis investigated the major factors and processes influencing population 
dynamics and community structure of Cardiaspina psyllids. The initial focal point 
for this thesis was the outbreak dynamics and inhibition of parasitoid top-down 
regulation in field studies, followed by the assessment of evolutionary relationships 
of primary and secondary bacterial endosymbionts, and diversification of parasitoid 
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communities across several Cardiaspina species. This thesis employed the use of 
molecular DNA-based tools without which many of the results reported would not 
have been possible. 
Overall, minimum winter temperature was an especially strong driver of psyllid 
population abundance, while extreme heat and resource depletion were the major 
reasons for the decline of the outbreak case study. Parasitoids were more susceptible 
to mortality than their host in the larval stage, and this impacted parasitisation 
patterns and is highly likely to be a major factor for the rarity of density dependent 
parasitisation in outbreak events. The success of Cardiaspina, and other psyllid taxa, 
is only possible through their bacterial endosymbionts, and it appeared that both a S-
endosymbiont and the P-endosymbiont, Carsonella, are required. Much work 
remains to be done on both psyllid and Psyllaephagus parasitoids classification and 
taxonomy, and DNA-based approaches will be essential to this. This study detected 
cryptic species diversity in the parasitoid complex of Cardiaspina psyllids; while 
conversely, the currently known diversity of Cardiaspina psyllids may have suffered 
from taxonomic over-splitting. This study has also successfully extended 
characteristics such as associations of psyllids with bacterial endosymbionts and 
parasitoids to be included in integrative approaches of psyllid taxonomy. Parasitoid 
diversification within the Cardiaspina genus was driven by patterns of both host 
specialisation and host switching, as well as patterns not yet identified by this study. 
Processes influencing population dynamics and community structure can be 
incredibly complex, and while we are beginning to be able to make some general 
conclusions, future studies are required in the Cardiaspina genus and more widely 
across other insect species. Molecular tools and new analytical approaches provide a 
powerful means of unravelling complex ecological and evolutionary interactions, and 
their use will only continue to grow in the future. 
  
142 
 
References 
Abbott, K.C. (2012) The dynamical effects of interactions between inducible plant 
resistance and food limitation during insect outbreaks. In Insect outbreaks 
revisited (eds P. Barbosa, D.K. Letourneau & A.A. Agrawal), pp. 30-46. 
Wiley-Blackwell, Chichester, UK. 
Allen, J.M., Reed, D.L., Perotti, M.A. & Braig, H.R. (2007) Evolutionary 
relationships of “Candidatus Riesia spp.,” endosymbiotic Enterobacteriaceae 
living within hematophagous primate lice. Applied and Environmental 
Microbiology, 73, 1659-1664.  
Andrewartha, H.G. & Birch, L.C. (1954) The distribution and abundance of animals. 
University of Chicago Press, Chicago, US. 
Angel, P.J., Nichols, J.D. & Stone, C. (2008) Biology of Creiis lituratus 
Froggatt:(Hemiptera: Psyllidae), pest on Eucalyptus dunnii Maiden in 
plantations: morphology, life cycle and parasitism. Australian Forestry, 71, 
311-316.  
Askew, R.R. & Shaw, M.R. (1986) Parasitoid communities: their size, structure and 
development. In Insect Parasitoids, 13th Symposium of Royal Entomological 
Society of London (ed J.a.G. Waage, D), pp. 225-264. Academic Press. 
Auerbach, M. (1991) Relative impact of interactions within and between trophic 
levels during an insect outbreak. Ecology, 72, 1599-1608.  
Aukema, B.H., Carroll, A.L., Zheng, Y., Zhu, J., Raffa, K.F., Dan Moore, R., Stahl, 
K. & Taylor, S.W. (2008) Movement of outbreak populations of mountain 
pine beetle: influences of spatiotemporal patterns and climate. Ecography, 31, 
348-358.  
Austin, A.D., Yeates, D.K., Cassis, G., Fletcher, M.J., La Salle, J., Lawrence, J.F., 
McQuillan, P.B., Mound, L.A., J Bickel, D. & Gullan, P.J. (2004) Insects 
‘Down Under’–Diversity, endemism and evolution of the Australian insect 
fauna: examples from select orders. Australian Journal of Entomology, 43, 
216-234.  
Australian Government Department of Agriculture (2014) Norfolk Island Quarantine 
Survey 2012–2014. 
Averill, A.L. & Prokopy, R.J. (1987) Intraspecific competition in the tephritid fruit 
fly Rhagoletis pomonella. Ecology, 68, 878-886.  
Bailey, R., Schönrogge, K., Cook, J.M., Melika, G., Csóka, G., Thuróczy, C. & 
Stone, G.N. (2009) Host niches and defensive extended phenotypes structure 
parasitoid wasp communities. PLoS Biology, 7, e1000179.  
Balbuena, J.A., Míguez-Lozano, R. & Blasco-Costa, I. (2013) PACo: a novel 
procrustes application to cophylogenetic analysis. PloS one, 8, e61048.  
Baltensweiler, W., Benz, G., Bovey, P. & Delucchi, V. (1977) Dynamics of larch 
bud moth populations. Annual Review of Entomology, 22, 79-100.  
Bansal, R., Mian, M.A. & Michel, A.P. (2014) Microbiome diversity of Aphis 
glycines with extensive superinfection in native and invasive populations. 
Environmental Microbiology Reports, 6, 57-69.  
Barker, F.K. & Lutzoni, F.M. (2002) The utility of the incongruence length 
difference test. Systematic Biology, 51, 625-637.  
Baumann, P., Baumann, L., Lai, C.Y., Rouhbakhsh, D., Moran, N.A. & Clark, M.A. 
(1995) Genetics, physiology, and evolutionary relationships of the genus 
143 
 
Buchnera: intracellular symbionts of aphids. Annual Reviews in 
Microbiology, 49, 55-94.  
Baumann, P., Moran, N.A. & Baumann, L. (1997) The evolution and genetics of 
aphid endosymbionts. Bioscience, 47, 12-20.  
Ben-Dov, Y. & Hodgson, C.J. (1997) Soft scale insects: their biology, natural 
enemies and control, Volume 7B. Elsevier Science Publishers, Amsterdam, 
Netherlands. 
Bennett, G.M. & Moran, N.A. (2013) Small, smaller, smallest: the origins and 
evolution of ancient dual symbioses in a phloem-feeding insect. Genome 
Biology and Evolution, 5, 1675-1688.  
Benson, D.H. (1992) The natural vegetation of the Penrith 1: 100 000 map sheet. 
Cunninghamia, 2, 541-596.  
Berger, D., Walters, R. & Gotthard, K. (2008) What limits insect fecundity? Body 
size‐and temperature‐dependent egg maturation and oviposition in a butterfly. 
Functional Ecology, 22, 523-529.  
Berggren, Å., Björkman, C., Bylund, H. & Ayres, M.P. (2009) The distribution and 
abundance of animal populations in a climate of uncertainty. Oikos, 118, 
1121-1126.  
Bernstein, C., Heizmann, A. & Desouhant, E. (2002) Intraspecific competition 
between healthy and parasitised hosts in a host–parasitoid system: 
consequences for life‐history traits. Ecological Entomology, 27, 415-423.  
Berry, J.A. (2007) Key to the New Zealand species of Psyllaephagus Ashmead 
(Hymenoptera: Encyrtidae) with descriptions of three new species and a new 
record of the psyllid hyperparasitoid Coccidoctonus psyllae Riek 
(Hymenoptera: Encyrtidae). Australian Journal of Entomology, 46, 99-105.  
Beukeboom, L.W. (2012) Microbial manipulation of host sex determination. 
BioEssays, 34, 484-488.  
Boland, D.J., Brooker, M.I.H., Chippendale, G.M., Hall, N., Hyland, B.P.M., 
Johnston, R.D., Kleinig, D.A., McDonald, M.W. & Turner, J.D. (2006) 
Forest trees of Australia. CSIRO publishing, Clayton. 
Brady, C.M., Asplen, M.K., Desneux, N., Heimpel, G.E., Hopper, K.R., Linnen, 
C.R., Oliver, K.M., Wulff, J.A. & White, J.A. (2014) Worldwide populations 
of the aphid Aphis craccivora are infected with diverse facultative bacterial 
symbionts. Microbial Ecology, 67, 195-204.  
Brennan, E.B., Gill, R.J., Hrusa, G.F. & Weinbaum, S.A. (1999) First record of 
Glycaspis brimblecombei (Moore) (Homoptera: Psyllidae) in North America: 
initial observations and predator associations of a potentially serious new pest 
of eucalyptus in California. Pan-Pacific Entomologist, 75, 55-57.  
Brooker, M.I.H. & Kleinig, D.A. (2006) Field guide to eucalypts. Volume 1. South-
eastern Australia. Inkata Press Pty Ltd, Mount Waverley, Australia. 
Buchner, P. (1965) Endosymbiosis of animals with plant microorganims. 
Interscience, New York, US. 
Burckhardt, D. & Ouvrard, D. (2012) A revised classification of the jumping plant-
lice (Hemiptera: Psylloidea). Zootaxa, 3509, 1-34.  
Burke, G.R., Normark, B.B., Favret, C. & Moran, N.A. (2009) Evolution and 
diversity of facultative symbionts from the aphid subfamily Lachninae. 
Applied and Environmental Microbiology, 75, 5328-5335.  
Bylund, H. (1999) Climate and the population dynamics of two insect outbreak 
species in the north. Ecological Bulletins, 47, 54-62.  
144 
 
Campbell, K.G. (1992) The biology and population ecology of two species of 
Cardiaspina (Hemiptera: Psyllidae) in plague numbers on Eucalyptus grandis 
in New South Wales. Proceedings of the Linnean Society of New South 
Wales, 113, 135-150.  
Caspi-Fluger, A., Inbar, M., Mozes-Daube, N., Katzir, N., Portnoy, V., Belausov, E., 
Hunter, M.S. & Zchori-Fein, E. (2011) Horizontal transmission of the insect 
symbiont Rickettsia is plant-mediated. Proceedings of the Royal Society B-
Biological Sciences, 279, 1791-1796.  
Center, T.D., Pratt, P.D., Tipping, P.W., Rayamajhi, M.B., Van, T.K., Wineriter, 
S.A., Dray Jr, F.A. & Purcell, M. (2006) Field colonization, population 
growth, and dispersal of Boreioglycaspis melaleucae Moore, a biological 
control agent of the invasive tree Melaleuca quinquenervia (Cav.) Blake. 
Biological Control, 39, 363-374.  
Chari, A., Oakeson, K.F., Enomoto, S., Jackson, D.G., Fisher, M.A. & Dale, C. 
(2015) Phenotypic characterisation of Sodalis praecaptivus sp. nov., a close 
non-insect associated member of the Sodalis-allied lineage of insect 
endosymbionts. International Journal of Systematic and Evolutionary 
Microbiology, 65, 1400-1405.  
Charleston, M. & Libeskind-Hadas, R. (2014) Event-based cophylogenetic 
comparative analysis. In Modern phylogenetic comparative methods and their 
application in evolutionary biology (ed L.G. Garamszegi), pp. 465-480. 
Springer-Verlag, Berlin, Germany. 
Charleston, M.A. & Robertson, D.L. (2002) Preferential host switching by primate 
lentiviruses can account for phylogenetic similarity with the primate 
phylogeny. Systematic Biology, 51, 528-535.  
Chesson, P.L. & Murdoch, W.W. (1986) Aggregation of risk: relationships among 
host-parasitoid models. The American Naturalist, 127, 696-715.  
Clark, L.R. (1962) The general biology of Cardiaspina albitextura (Psyllidae) and its 
abundance in relation to weather and parasitism. Australian Journal of 
Zoology, 10, 537-586.  
Clark, L.R. (1964a) The population dynamics of Cardiaspina albitextura (Psyllidae). 
Australian Journal of Zoology, 12, 362-380.  
Clark, L.R. (1964b) The intensity of parasite attack in relation to the abundance of 
Cardiaspina albitextura (Psyllidae). Australian Journal of Zoology, 12, 150-
173.  
Clark, L.R. & Dallwitz, M.J. (1975) The life system of Cardiaspina albitextura 
(Psyllidae), 1950-74. Australian Journal of Zoology, 23, 523-561.  
Clark, M.A., Moran, N.A., Baumann, P. & Wernegreen, J.J. (2000) Cospeciation 
between bacterial endosymbionts (Buchnera) and a recent radiation of aphids 
(Uroleucon) and pitfalls of testing for phylogenetic congruence. Evolution, 
54, 517-525.  
Coley, P.D. (1998) Possible effects of climate change on plant/herbivore interactions 
in moist tropical forests. In Potential impacts of climate change on tropical 
forest ecosystems (ed A. Markham), pp. 315-332. Springer, Netherlands. 
Collett, N. (2001) Biology and control of psyllids, and the possible causes for 
defoliation of Eucalyptus camaldulensis Dehnh. (river red gum) in south-
eastern Australia-a review. Australian Forestry, 64, 88-95.  
Connor, E.F. & Beck, M.W. (1993) Density-related mortality in Cameraria 
hamadryadella (Lepidoptera: Gracillariidae) at epidemic and endemic 
densities. Oikos, 66, 515-525.  
145 
 
Conord, C., Despres, L., Vallier, A., Balmand, S., Miquel, C., Zundel, S., 
Lemperiere, G. & Heddi, A. (2008) Long-term evolutionary stability of 
bacterial endosymbiosis in Curculionoidea: additional evidence of symbiont 
replacement in the Dryophthoridae family. Molecular Biology and Evolution, 
25, 859-868.  
Conow, C., Fielder, D., Ovadia, Y. & Libeskind-Hadas, R. (2010) Jane: a new tool 
for the cophylogeny reconstruction problem. Algorithms for Molecular 
Biology, 5, 1.  
Corl, A. & Ellegren, H. (2013) Sampling strategies for species trees: the effects on 
phylogenetic inference of the number of genes, number of individuals, and 
whether loci are mitochondrial, sex-linked, or autosomal. Molecular 
Phylogenetics and Evolution, 67, 358-366.  
Crozier, L. (2004) Warmer winters drive butterfly range expansion by increasing 
survivorship. Ecology, 85, 231-241.  
Cuthill, J.H. & Charleston, M. (2012) Phylogenetic codivergence supports 
coevolution of mimetic Heliconius butterflies. PloS one, 7, e36464.  
Daane, K.M., Sime, K.R. & Paine, T.D. (2012) Climate and the effectiveness of 
Psyllaephagus bliteus as a parasitoid of the red gum lerp psyllid. Biocontrol 
Science and Technology, 22, 1305-1320.  
Dale, C., Wang, B., Moran, N. & Ochman, H. (2003) Loss of DNA recombinational 
repair enzymes in the initial stages of genome degeneration. Molecular 
Biology and Evolution, 20, 1188-1194.  
Darby, A.C., Birkle, L.M., Turner, S.L. & Douglas, A.E. (2001) An aphid-borne 
bacterium allied to the secondary symbionts of whitefly. FEMS Microbiology 
Ecology, 36, 43-50.  
de Queiroz, D.L., Burckhardt, D. & Majer, J. (2012) Integrated pest management of 
eucalypt psyllids (Insecta, Hemiptera, Psylloidea). In Integrated pest 
management and pest control – current and future tactics (eds M.L. 
Larramendy & S. Soloneski). InTech, Rijech, Croatia. 
de Queiroz Santana, D.L. & Burckhardt, D. (2007) Introduced Eucalyptus psyllids in 
Brazil. Journal of Forest Research, 12, 337-344.  
de Vienne, D.M., Giraud, T. & Martin, O.C. (2007) A congruence index for testing 
topological similarity between trees. Bioinformatics, 23, 3119-3124.  
Deng, J., Yu, F., Li, H.-B., Gebiola, M., Desdevises, Y., Wu, S.-A. & Zhang, Y.-Z. 
(2013) Cophylogenetic relationships between Anicetus parasitoids 
(Hymenoptera: Encyrtidae) and their scale insect hosts (Hemiptera: 
Coccidae). BMC Evolutionary Biology, 13, 275.  
Derocles, S.A.P., Plantegenest, M., Rasplus, J.Y., Marie, A., Evans, D.M., Lunt, 
D.H. & Le Ralec, A. (2015) Are generalist Aphidiinae (Hym. Braconidae) 
mostly cryptic species complexes? Systematic Entomology, 41, 379-391.  
Dhami, M.K., Buckley, T.R., Beggs, J.R. & Taylor, M.W. (2013) Primary symbiont 
of the ancient scale insect family Coelostomidiidae exhibits strict 
cophylogenetic patterns. Symbiosis, 61, 77-91.  
Dijken, M.J. & Waage, J.K. (1987) Self and conspecific superparasitism by the egg 
parasitoid Trichogramma evanescens. Entomologia Experimentalis et 
Applicata, 43, 183-192.  
Dillon, R.J. & Dillon, V.M. (2004) The gut bacteria of insects: nonpathogenic 
interactions. Annual Reviews in Entomology, 49, 71-92.  
146 
 
Dingle, H. (1968) Life history and population consequences of density, photo-period, 
and temperature in a migrant insect, the milkweed bug Oncopeltus. The 
American Naturalist, 102, 149-163.  
Dixon, A.F.G. (1977) Aphid ecology: life cycles, polymorphism, and population 
regulation. Annual Review of Ecology and Systematics, 8, 329-353.  
Douglas, A.E. (1998) Nutritional interactions in insect-microbial symbioses: aphids 
and their symbiotic bacteria Buchnera. Annual Review of Entomology, 43, 17-
37.  
Douglas, B., Maechler, M., Bolker, B. & Walker, S. (2014) lme4: Linear mixed-
effects models using Eigen and S4. In R package version 1.1-7. 
Downie, D.A. & Gullan, P.J. (2005) Phylogenetic congruence of mealybugs and their 
primary endosymbionts. Journal of Evolutionary Biology, 18, 315-324.  
Dunbar, H.E., Wilson, A.C.C., Ferguson, N.R. & Moran, N.A. (2007) Aphid thermal 
tolerance is governed by a point mutation in bacterial symbionts. PLoS 
Biology, 5, e96.  
Duron, O., Wilkes, T.E. & Hurst, G.D.D. (2010) Interspecific transmission of a 
male‐killing bacterium on an ecological timescale. Ecology Letters, 13, 1139-
1148.  
Duron, O., Schneppat, U.E., Berthomieu, A., Goodman, S.M., Droz, B., Paupy, C., 
Obame Nkoghe, J., Rahola, N. & Tortosa, P. (2014) Origin, acquisition and 
diversification of heritable bacterial endosymbionts in louse flies and bat 
flies. Molecular Ecology, 23, 2105-2117.  
Elkinton, J.S. & Liebhold, A.M. (1990) Population dynamics of gypsy moth in North 
America. Annual Review of Entomology, 35, 571-596.  
Esper, J., Büntgen, U., Frank, D.C., Nievergelt, D. & Liebhold, A. (2007) 1200 years 
of regular outbreaks in alpine insects. Proceedings of the Royal Society B-
Biological Sciences, 274, 671-679.  
Evenhuis, H.H. (1976) Studies on Cynipidae, Alloxystinae. 5. Alloxysta citripes 
(Thomson) and Alloxysta ligustri n. sp., with remarks on host specifity in the 
subfamily. Entomol Ber Amsterdam, 36, 140-144.  
Faeth, S.H. (1987) Community structure and folivorous insect outbreaks: the roles of 
vertical and horizontal interactions. In Insect outbreaks (eds P. Barbosa & 
J.C. Schultz), pp. 135-171. Academic Press, Inc., San Diego, US. 
Fahrenholz, H. (1913) Ectoparasiten und abstammungslehre. Zoologischer Anzeiger, 
41, 371-374.  
Farr, J. (1992) Lerps, bugs and gum-leaves. Landscape, 8, 50-53.  
Feldhaar, H. (2011) Bacterial symbionts as mediators of ecologically important traits 
of insect hosts. Ecological Entomology, 36, 533-543.  
Ferguson, K.I. & Stiling, P. (1996) Non-additive effects of multiple natural enemies 
on aphid populations. Oecologia, 108, 375-379.  
Fisher, R.C. (1961) A study in insect multiparasitism. Journal of Experimental 
Biology, 38, 605-629.  
Forbes, A.A., Powell, T.H.Q., Stelinski, L.L., Smith, J.J. & Feder, J.L. (2009) 
Sequential sympatric speciation across trophic levels. Science, 323, 776-779.  
Forster, J., Hirst, A.G. & Woodward, G. (2011) Growth and development rates have 
different thermal responses. The American Naturalist, 178, 668-678.  
Frago, E., Pujade-Villar, J., Guara, M. & Selfa, J. (2012) Hyperparasitism and 
seasonal patterns of parasitism as potential causes of low top-down control in 
Euproctis chrysorrhoea L.(Lymantriidae). Biological Control, 60, 123-131.  
147 
 
Fredslund, J., Schauser, L., Madsen, L.H., Sandal, N. & Stougaard, J. (2005) PriFi: 
using a multiple alignment of related sequences to find primers for 
amplification of homologs. Nucleic Acids Research, 33, W516-W520.  
Fukatsu, T. & Nikoh, N. (1998) Two intracellular symbiotic bacteria from the 
mulberry psyllid Anomoneura mori (Insecta, Homoptera). Applied and 
Environmental Microbiology, 64, 3599-3606.  
Fukatsu, T., Nikoh, N., Kawai, R. & Koga, R. (2000) The secondary endosymbiotic 
bacterium of the pea aphid Acyrthosiphon pisum (Insecta: Homoptera). 
Applied and Environmental Microbiology, 66, 2748-2758.  
Ganyo, K.K., Kodjo Tounou, A., Agboton, C., Dannon, E.A., Pittendrigh, B.R. & 
Tamò, M. (2012) Interaction between the aphid parasitoid Lysiphlebus 
testaceipes (Hymenoptera: Aphidiidae) and its hyperparasitoid Syrphophagus 
africanus (Hymenoptera: Encyrtidae). International Journal of Tropical 
Insect Science, 32, 45-55.  
Gariepy, T.D., Kuhlmann, U., Haye, T., Gillott, C. & Erlandson, M. (2005) A single-
step multiplex PCR assay for the detection of European Peristenus spp., 
parasitoids of Lygus spp. Biocontrol Science and Technology, 15, 481-495.  
Gariepy, T.D., Kuhlmann, U., Gillott, C. & Erlandson, M. (2007) Parasitoids, 
predators and PCR: the use of diagnostic molecular markers in biological 
control of Arthropods. Journal of Applied Entomology, 131, 225-240.  
Geiger, C.A. & Gutierrez, A.P. (2000) Ecology of Heteropsylla cubana (Homoptera: 
Psyllidae): psyllid damage, tree phenology, thermal relations, and parasitism 
in the field. Environmental Entomology, 29, 76-86.  
Gherlenda, A.N., Haigh, A.M., Moore, B.D., Johnson, S.N. & Riegler, M. (2015) 
Responses of leaf beetle larvae to elevated [CO2] and temperature depend on 
Eucalyptus species. Oecologia, 177, 607-617.  
Gherlenda, A.N., Esveld, J.L., Hall, A.A.G., Duursma, R.A. & Riegler, M. (2016) 
Boom and bust: rapid feedback responses between insect outbreak dynamics 
and canopy leaf area impacted by rainfall and CO2. Glob. Chang. Biol. 
Accepted manuscript. doi:10.1111/gcb.13334.  
Gherna, R.L., Werren, J.H., Weisburg, W., Cote, R., Woese, C.R., Mandelco, L. & 
Brenner, D.J. (1991) Arsenophonus nasoniae gen. nov., sp. nov., the 
causative agent of the son-killer trait in the parasitic wasp Nasonia 
vitripennis. International Journal of Systematic Bacteriology, 41, 563-565.  
Gillespie, J.J., Munro, J.B., Heraty, J.M., Yoder, M.J., Owen, A.K. & Carmichael, 
A.E. (2005) A secondary structural model of the 28S rRNA expansion 
segments D2 and D3 for chalcidoid wasps (Hymenoptera: Chalcidoidea). 
Molecular Biology and Evolution, 22, 1593-1608.  
Godfray, H.C.J. (1994) Parasitoids: behavioral and evolutionary ecology. Princeton 
University Press, Princeton, US. 
Godfray, H.C.J., Lewis, O.T. & Memmott, J. (1999) Studying insect diversity in the 
tropics. Philosophical Transactions of the Royal Society B-Biological 
Sciences, 354, 1811-1824.  
Gómez-Marco, F., Urbaneja, A., Jaques, J.A., Rugman-Jones, P.F., Stouthamer, R. & 
Tena, A. (2015) Untangling the aphid-parasitoid food web in citrus: Can 
hyperparasitoids disrupt biological control? Biological Control, 81, 111-121.  
Gonella, E., Pajoro, M., Marzorati, M., Crotti, E., Mandrioli, M., Pontini, M., 
Bulgari, D., Negri, I., Sacchi, L. & Chouaia, B. (2015) Plant-mediated 
interspecific horizontal transmission of an intracellular symbiont in insects. 
Scientific Reports, 5, 15811.  
148 
 
Goolsby, J.A., Kirk, A.A. & Meyerdirk, D.E. (2002) Seasonal phenology and natural 
enemies of Maconellicoccus hirsutus (Hemiptera: Pseudococcidae) in 
Australia. Florida Entomologist, 85, 494-498.  
Grimes, R.F. (1978) Crown assessment of natural spotted gum (Eucalyptus 
maculata)-ironbark (Eucalyptus fibrosa-Eucalyptus drepanophylla) forest. 
Technical Paper-Queensland Department of Forestry, Brisbane. 
Hail, D., Lauzìere, I., Dowd, S.E. & Bextine, B. (2011) Culture independent survey 
of the microbiota of the glassy-winged sharpshooter (Homalodisca 
vitripennis) using 454 pyrosequencing. Environmental Entomology, 40, 23-
29.  
Hail, D., Dowd, S.E. & Bextine, B. (2012) Identification and location of symbionts 
associated with potato psyllid (Bactericera cockerelli) lifestages. 
Environmental Entomology, 41, 98-107.  
Hairston, N.G., Smith, F.E. & Slobodkin, L.B. (1960) Community structure, 
population control, and competition. The American Naturalist, 94, 421-425.  
Hall, D.G., Richardson, M.L., Ammar, E.D. & Halbert, S.E. (2013) Asian citrus 
psyllid, Diaphorina citri, vector of citrus huanglongbing disease. 
Entomologia Experimentalis et Applicata, 146, 207-223.  
Hance, T., Van Baaren, J., Vernon, P. & Boivin, G. (2006) Impact of extreme 
temperatures on parasitoids in a climate change perspective. Annual Review 
of Entomology, 52, 107.  
Hansen, A.K., Jeong, G., Paine, T.D. & Stouthamer, R. (2007) Frequency of 
secondary symbiont infection in an invasive psyllid relates to parasitism 
pressure on a geographic scale in California. Applied and Environmental 
Microbiology, 73, 7531-7535.  
Hansen, A.K. & Moran, N.A. (2014) The impact of microbial symbionts on host 
plant utilization by herbivorous insects. Molecular Ecology, 23, 1473-1496.  
Harper, G.L., King, R.A., Dodd, C., Harwood, J.D., Glen, D., Bruford, M.W. & 
Symondson, W.O.C. (2005) Rapid screening of invertebrate predators for 
multiple prey DNA targets. Molecular Ecology, 14, 819-827.  
Harrison, S. (1994) Resources and dispersal as factors limiting a population of the 
tussock moth (Orgyia vetusta), a flightless defoliator. Oecologia, 99, 27-34.  
Harvey, J.A., Poelman, E.H. & Tanaka, T. (2013) Intrinsic inter-and intraspecific 
competition in parasitoid wasps. Annual Review of Entomology, 58, 333-351.  
Hassell, M.P. (1984) Parasitism in patchy environments: inverse density dependence 
can be stabilizing. Mathematical Medicine and Biology, 1, 123-133.  
Hassell, M.P. (2000) Host–parasitoid population dynamics. Journal of Animal 
Ecology, 69, 543-566.  
Hawkins, B.A., Cornell, H.V. & Hochberg, M.E. (1997) Predators, parasitoids, and 
pathogens as mortality agents in phytophagous insect populations. Ecology, 
78, 2145-2152.  
Heads, P.A. & Lawton, J.H. (1983) Studies on the natural enemy complex of the 
holly leaf-miner: the effects of scale on the detection of aggregative responses 
and the implications for biological control. Oikos, 40, 267-276.  
Heard, S.B. & Buchanan, C.K. (1998) Larval performance and association within 
and between two species of hackberry nipple gall insects, Pachypsylla spp. 
(Homoptera: Psyllidae). The American Midland Naturalist, 140, 351-357.  
Hodkinson, I.D. (1974) The biology of the Psylloidea (Homoptera): a review. 
Bulletin of Entomological Research, 64, 325-338.  
149 
 
Hodkinson, I.D. & Hughes, M.K. (1982) Insect herbivory. Chapman & Hall, New 
York, US. 
Hodkinson, I.D. (2009) Life cycle variation and adaptation in jumping plant lice 
(Insecta: Hemiptera: Psylloidea): a global synthesis. Journal of Natural 
History, 43, 65-179.  
Hokyo, N., KiritanI, K., Nakasuji, F. & Shiga, M. (1966) Comparative biology of the 
two scelionid egg parasites of Nezara viridula L. (Hemiptera: Pentatomidae). 
Applied Entomology and Zoology, 1, 94-102.  
Höller, C., Borgemeister, C., Haardt, H. & Powell, W. (1993) The relationship 
between primary parasitoids and hyperparasitoids of cereal aphids: an 
analysis of field data. Journal of Animal Ecology, 62, 12-21.  
Hollis, D. (2004) Australian Psylloidea jumping plantlice and lerp insects. 
Australian Biological Resources Study, Canberra, Australia. 
Hommola, K., Smith, J.E., Qiu, Y. & Gilks, W.R. (2009) A permutation test of host–
parasite cospeciation. Molecular Biology and Evolution, 26, 1457-1468.  
Hood, G.R., Forbes, A.A., Powell, T.H.Q., Egan, S.P., Hamerlinck, G., Smith, J.J. & 
Feder, J.L. (2015) Sequential divergence and the multiplicative origin of 
community diversity. Proceedings of the National Academy of Sciences of the 
United States of America, 112, E5980-E5989.  
Hosokawa, T., Kaiwa, N., Matsuura, Y., Kikuchi, Y. & Fukatsu, T. (2015) Infection 
prevalence of Sodalis symbionts among stinkbugs. Zoological Letters, 1, 5.  
Hrček, J. & Godfray, H.C.J. (2015) What do molecular methods bring to host–
parasitoid food webs? Trends in Parasitology, 31, 30-35.  
Huberty, A.F. & Denno, R.F. (2004) Plant water stress and its consequences for 
herbivorous insects: a new synthesis. Ecology, 85, 1383-1398.  
Huffaker, C.B., Messenger, P.S. & DeBach, P. (1971) The natural enemy component 
in natural control and the theory of biological control. In Biological control 
(ed C.B. Huffaker), pp. 16-67. Springer, New York, US. 
Hunter, M.D. & Price, P.W. (1992) Playing chutes and ladders: heterogeneity and the 
relative roles of bottom-up and top-down forces in natural communities. 
Ecology, 73, 723-732.  
Hunter, M.S. & Woolley, J.B. (2001) Evolution and behavioral ecology of 
heteronomous aphelinid parasitoids. Annual Review of Entomology, 46, 251-
290.  
Inbar, M., Eshel, A. & Wool, D. (1995) Interspecific competition among phloem-
feeding insects mediated by induced host-plant sinks. Ecology, 76, 1506-
1515.  
Ives, A.R. & Settle, W.H. (1996) The failure of a parasitoid to persist with a 
superabundant host: the importance of the numerical response. Oikos, 75, 
269-278.  
Janzen, D.H. (1980) When is it coevolution? Evolution, 34, 611-612.  
Jermiin, L.S. & Crozier, R.H. (1994) The cytochrome b region in the mitochondrial 
DNA of the ant Tetraponera rufoniger: sequence divergence in Hymenoptera 
may be associated with nucleotide content. Journal of Molecular Evolution, 
38, 282-294.  
Joern, A. & Gaines, S.B. (1990) Population dynamics and regulation in grasshoppers. 
In Biology of grasshoppers (eds R.F. Chapman & A. Joern), pp. 415-482. 
John Wiley & Sons, Toronto, Canada. 
Jousselin, E., Desdevises, Y. & Coeur d'Acier, A. (2009) Fine-scale cospeciation 
between Brachycaudus and Buchnera aphidicola: bacterial genome helps 
150 
 
define species and evolutionary relationships in aphids. Proceedings of the 
Royal Society B-Biological Sciences, 276, 187-196.  
Jousselin, E., Cœur d'Acier, A., Vanlerberghe-Masutti, F. & Duron, O. (2013) 
Evolution and diversity of Arsenophonus endosymbionts in aphids. 
Molecular Ecology, 22, 260-270.  
Juen, A. & Traugott, M. (2006) Amplification facilitators and multiplex PCR: tools 
to overcome PCR-inhibition in DNA-gut-content analysis of soil-living 
invertebrates. Soil Biology and Biochemistry, 38, 1872-1879.  
Kapantaidaki, D.E., Ovčarenko, I., Fytrou, N., Knott, K.E., Bourtzis, K. & 
Tsagkarakou, A. (2015) Low levels of mitochondrial DNA and symbiont 
diversity in the worldwide agricultural pest, the greenhouse whitefly 
Trialeurodes vaporariorum (Hemiptera: Aleyrodidae). Journal of Heredity, 
106, 80-92.  
Karban, R. (1989) Community organization of Erigeron glaucus folivores: effects of 
competition, predation, and host plant. Ecology, 70, 1028-1039.  
Karr, J.R., Dionne, M. & Schlosser, I.J. (1992) Bottom-up versus top-down 
regulation of vertebrate populations: lessons from birds and fish. In Effects of 
resource distribution on animal-plant interactions (eds M.D. Hunter, T. 
Ohgushi & P.W. Price), pp. 243-286. Academic Press, San Diego, US. 
Kessler, A., Poveda, K. & Poelman, E.H. (2012) Plant-induced responses and 
herbivore population dynamics. In Insect outbreaks revisited (eds P. Barbosa, 
D.K. Letourneau & A.A. Agrawal), pp. 89-112. Wiley-Blackwell, Chichester, 
UK. 
King, J.E., Riegler, M., Thomas, R.G. & Spooner-Hart, R.N. (2015) Phylogenetic 
placement of Australian carrion beetles (Coleoptera: Silphidae). Austral 
Entomology, 54, 366-375.  
Kiritani, K. (1964) Natural control of populations of the southern green stink bug, 
Nezara viridula. Researches on Population Ecology, 6, 88-98.  
Klapwijk, M.J., Ayres, M.P., Battisti, A. & Larsson, S. (2012) Assessing the impact 
of climate change on outbreak potential. In Insect outbreaks revisited (eds P. 
Barbosa, D.K. Letourneau & A.A. Agrawal), pp. 429-450. Wiley-Blackwell, 
Chichester, UK. 
Koga, R., Bennett, G.M., Cryan, J.R. & Moran, N.A. (2013) Evolutionary 
replacement of obligate symbionts in an ancient and diverse insect lineage. 
Environmental Microbiology, 15, 2073-2081.  
Kruess, A. & Tscharntke, T. (1994) Habitat fragmentation, species loss, and 
biological control. Science, 264, 1581-1584.  
Kuechler, S.M., Gibbs, G., Burckhardt, D., Dettner, K. & Hartung, V. (2013) 
Diversity of bacterial endosymbionts and bacteria–host co-evolution in 
Gondwanan relict moss bugs (Hemiptera: Coleorrhyncha: Peloridiidae). 
Environmental Microbiology, 15, 2031-2042.  
Lacey, L.A., Frutos, R., Kaya, H.K. & Vail, P. (2001) Insect pathogens as biological 
control agents: do they have a future? Biological Control, 21, 230-248.  
Laine, P., Bigot, J., Ourry, A. & Boucaud, J. (1994) Effects of low temperature on 
nitrate uptake, and xylem and phloem flows of nitrogen, in Secale cereale L. 
and Brassica napus L. New Phytologist, 127, 675-683.  
Lamelas, A., Gosalbes, M.J., Manzano-Marín, A., Peretó, J., Moya, A. & Latorre, A. 
(2011) Serratia symbiotica from the aphid Cinara cedri: a missing link from 
facultative to obligate insect endosymbiont. PLoS Genetics, 7, e1002357.  
151 
 
Larkin, M., Blackshields, G., Brown, N., Chenna, R., McGettigan, P.A., McWilliam, 
H., Valentin, F., Wallace, I.M., Wilm, A. & Lopez, R. (2007) Clustal W and 
Clustal X version 2.0. Bioinformatics, 23, 2947-2948.  
LaSalle, J. & Gauld, I.D. (1991) Parasitic Hymenoptera and the biodiversity crisis. 
Redia, 74, 315-334.  
Laudonia, S., Margiotta, M. & Sasso, R. (2014) Seasonal occurrence and adaptation 
of the exotic Glycaspis brimblecombei Moore (Hemiptera: Aphalaridae) in 
Italy. Journal of Natural History, 48, 675-689.  
Lawrence, P.O. (1981) Interference competition and optimal host selection in the 
parasitic wasp, Biosteres longicaudatus. Annals of the Entomological Society 
of America, 74, 540-544.  
Legendre, P., Desdevises, Y. & Bazin, E. (2002) A statistical test for host–parasite 
coevolution. Systematic Biology, 51, 217-234.  
Leibold, M.A. (1989) Resource edibility and the effects of predators and productivity 
on the outcome of trophic interactions. The American Naturalist, 136, 922-
949.  
Lessells, C.M. (1985) Parasitoid foraging: should parasitism be density dependent? 
Journal of Animal Ecology, 54, 27-41.  
Liebhold, A.M., Haynes, K.J. & Bjørnstad, O.N. (2012) Spatial synchrony of insect 
outbreaks. In Insect outbreaks revisited (eds P. Barbosa, D.K. Letourneau & 
A.A. Agrawal), pp. 113-125. Wiley-Blackwell, Chichester, UK. 
Liefting, L.W., Weir, B.S., Pennycook, S.R. & Clover, G.R.G. (2009) ‘Candidatus 
Liberibacter solanacearum’, associated with plants in the family Solanaceae. 
International Journal of Systematic and Evolutionary Microbiology, 59, 
2274-2276.  
Lindenmayer, D.B., Norton, T.W. & Tanton, M.T. (1990) Differences between 
wildfire and clearfelling on the structure of montane ash forests of Victoria 
and their implications for fauna dependent on tree hollows. Australian 
Forestry, 53, 61-68.  
Liu, L., Li, X.-Y., Huang, X.-L. & Qiao, G.-X. (2014) Evolutionary relationships of 
Pemphigus and allied genera (Hemiptera: Aphididae: Eriosomatinae) and 
their primary endosymbiont, Buchnera aphidicola. Insect Science, 21, 301-
312.  
Liu, Y.H. & Tsai, J.H. (2000) Effects of temperature on biology and life table 
parameters of the Asian citrus psyllid, Diaphorina citri Kuwayama 
(Homoptera: Psyllidae). Annals of Applied Biology, 137, 201-206.  
Lively, C.M. (2010) A review of Red Queen models for the persistence of obligate 
sexual reproduction. Journal of Heredity, 101, S13-S20.  
Loch, A.D. & Zalucki, M.P. (1998) Outbreaks of pink wax scale, Ceroplastes rubens 
Maskell (Hemiptera: Coccidae), on umbrella trees in south-eastern 
Queensland: Patterns of parasitisation. Australian Journal of Entomology, 37, 
328-334.  
Logan, J.A., Regniere, J. & Powell, J.A. (2003) Assessing the impacts of global 
warming on forest pest dynamics. Frontiers in Ecology and the Environment, 
1, 130-137.  
Lopez-Vaamonde, C., Rasplus, J.Y., Weiblen, G.D. & Cook, J.M. (2001) Molecular 
phylogenies of fig wasps: partial cocladogenesis of pollinators and parasites. 
Molecular Phylogenetics and Evolution, 21, 55-71.  
Lopez-Vaamonde, C., Godfray, H.C.J., West, S.A., Hansson, C. & Cook, J.M. 
(2005) The evolution of host use and unusual reproductive strategies in 
152 
 
Achrysocharoides parasitoid wasps. Journal of Evolutionary Biology, 18, 
1029-1041.  
Maalouly, M., Franck, P. & Lavigne, C. (2015) Temporal dynamics of parasitoid 
assemblages parasitizing the codling moth. Biological Control, 82, 31-39.  
Major, R. (2009) Cumberlain Plain Woodland in the Sydney Basin Bioregion - 
critically endangered ecological community listing. Available at: 
http://www.environment.nsw.gov.au/determinations/cumberlandwoodlandsF
D.htm [accessed on 12 October 2012]. 
Martin, R.A.U., Burgman, M.A. & Minchin, P.R. (2001) Spatial analysis of eucalypt 
dieback at Coranderrk, Australia. Applied Vegetation Science, 4, 257-266.  
Mattson, W.J. (1980) Herbivory in relation to plant nitrogen content. Annual Review 
of Ecology and Systematics, 11, 119-161.  
McCutcheon, J.P., McDonald, B.R. & Moran, N.A. (2009) Convergent evolution of 
metabolic roles in bacterial co-symbionts of insects. Proceedings of the 
National Academy of Sciences of the United States of America, 106, 15394-
15399.  
McCutcheon, J.P. & Moran, N.A. (2010) Functional convergence in reduced 
genomes of bacterial symbionts spanning 200 My of evolution. Genome 
Biology and Evolution, 2, 708-718.  
McGeoch, M.A. & Price, P.W. (2005) Scale-dependent mechanisms in the 
population dynamics of an insect herbivore. Oecologia, 144, 278-288.  
Menge, B.A. (1976) Organization of the New England rocky intertidal community: 
role of predation, competition, and environmental heterogeneity. Ecological 
Monographs, 46, 355-393.  
Mensah, R.K. & Madden, J.L. (1992) Factors affecting Ctenarytaina thysanura 
oviposition on Boronia megastigma terminal shoots. Entomologia 
Experimentalis et Applicata, 62, 261-268.  
Merchant, A., Peuke, A.D., Keitel, C., Macfarlane, C., Warren, C.R. & Adams, M.A. 
(2010) Phloem sap and leaf δ13C, carbohydrates, and amino acid 
concentrations in Eucalyptus globulus change systematically according to 
flooding and water deficit treatment. Journal of Experimental Botany, 61, 
1785-1793.  
Merkle, D., Middendorf, M. & Wieseke, N. (2010) A parameter-adaptive dynamic 
programming approach for inferring cophylogenies. BMC Bioinformatics, 11, 
1.  
Miller, T.A., Lampe, D.J. & Lauzon, C.R. (2007) Transgenic and paratransgenic 
insects in crop protection. In Insecticides design using advanced technologies 
(eds I. Ishaayay, A.R. Horowitz & R. Nauen), pp. 87-103. Springer-Verlag, 
Heidelberg, Germany. 
Monro, J. (1967) The exploitation and conservation of resources by populations of 
insects. Journal of Animal Ecology, 36, 531-547.  
Montenegro, H., Solferini, V.N., Klaczko, L.B. & Hurst, G.D.D. (2005) Male‐killing 
Spiroplasma naturally infecting Drosophila melanogaster. Insect Molecular 
Biology, 14, 281-287.  
Moore, K.M. (1961) Observations on some Australian forest insects. 8. The biology 
and occurrence of Glycaspis baileyi Moore in New South Wales. Proceedings 
of the Linnean Society of New South Wales, 86, 185-200.  
Moran, N. & Baumann, P. (1994) Phylogenetics of cytoplasmically inherited 
microorganisms of arthropods. Trends in Ecology & Evolution, 9, 15-20.  
153 
 
Moran, N.A. (2007) Symbiosis as an adaptive process and source of phenotypic 
complexity. Proceedings of the National Academy of Sciences of the United 
States of America, 104, 8627-8633.  
Moran, N.A., McCutcheon, J.P. & Nakabachi, A. (2008) Genomics and evolution of 
heritable bacterial symbionts. Annual Review of Genetics, 42, 165-190.  
Moran, N.A. & Bennett, G.M. (2014) The tiniest tiny genomes. Annual Review of 
Microbiology, 68, 195-215.  
Morgan, F.D. & Bungey, R.S. (1981) Dynamics of population outbreaks of Psyllidae 
(lerp insects) on eucalypts. In Eucalypt dieback in forests and woodlands (eds 
K.M. Old, G.A. Kile & C.P. Ohmart), pp. 127-129. CSIRO, Melbourne, 
Australia. 
Morrison, G. & Strong, D.R. (1980) Spatial variations in host density and the 
intensity of parasitism: some empirical examples. Environmental 
Entomology, 9, 149-152.  
Morrow, J.L., Frommer, M., Shearman, D.C.A. & Riegler, M. (2014) Tropical 
tephritid fruit fly community with high incidence of shared Wolbachia strains 
as platform for horizontal transmission of endosymbionts. Environmental 
Microbiology, 16, 3622-3637.  
Morrow, J.L., Frommer, M., Royer, J.E., Shearman, D.C.A. & Riegler, M. (2015) 
Wolbachia pseudogenes and low prevalence infections in tropical but not 
temperate Australian tephritid fruit flies: manifestations of lateral gene 
transfer and endosymbiont spillover? BMC Evolutionary Biology, 15, 1.  
Morse, D.H. & Chapman, G.H. (2015) Growth, development, and behaviour of the 
parasitised and unparasitised larvae of a shelter‐building moth and 
consequences for the resulting koinobiont parasitoid. Entomologia 
Experimentalis et Applicata, 154, 179-187.  
Mouton, L., Thierry, M., Henri, H., Baudin, R., Gnankine, O., Reynaud, B., Zchori-
Fein, E., Becker, N., Fleury, F. & Delatte, H. (2012) Evidence of diversity 
and recombination in Arsenophonus symbionts of the Bemisia tabaci species 
complex. BMC Microbiology, 12, S10.  
Moya, A., Peretó, J., Gil, R. & Latorre, A. (2008) Learning how to live together: 
genomic insights into prokaryote–animal symbioses. Nature Reviews 
Genetics, 9, 218-229.  
Mueller, T.F., Blommers, L.H.M. & Mols, P.J.M. (1992) Woolly apple aphid 
(Eriosoma lanigerum Hausm., Hom., Aphidae) parasitism by Aphelinus mali 
Hal.(Hym., Aphelinidae) in relation to host stage and host colony size, shape 
and location. Journal of Applied Entomology, 114, 143-154.  
Muller, H.J. (1964) The relation of recombination to mutational advance. Mutation 
Research/Fundamental and Molecular Mechanisms of Mutagenesis, 1, 2-9.  
Musolin, D.L., Tougou, D. & Fujisaki, K. (2010) Too hot to handle? Phenological 
and life‐history responses to simulated climate change of the southern green 
stink bug Nezara viridula (Heteroptera: Pentatomidae). Global Change 
Biology, 16, 73-87.  
Nachappa, P., Levy, J., Pierson, E. & Tamborindeguy, C. (2011) Diversity of 
endosymbionts in the potato psyllid, Bactericera cockerelli (Hemiptera: 
Triozidae), vector of zebra chip disease of potato. Current Microbiology, 62, 
1510-1520.  
Nakabachi, A., Yamashita, A., Toh, H., Ishikawa, H., Dunbar, H.E., Moran, N.A. & 
Hattori, M. (2006) The 160-kilobase genome of the bacterial endosymbiont 
Carsonella. Science, 314, 267-267.  
154 
 
Nakabachi, A., Ueoka, R., Oshima, K., Teta, R., Mangoni, A., Gurgui, M., Oldham, 
N.J., van Echten-Deckert, G., Okamura, K. & Yamamoto, K. (2013) 
Defensive bacteriome symbiont with a drastically reduced genome. Current 
Biology, 23, 1478-1484.  
Neuvonen, S., Niemelä, P. & Virtanen, T. (1999) Climatic change and insect 
outbreaks in boreal forests: the role of winter temperatures. Ecological 
Bulletins, 47, 63-67.  
New South Wales National Parks and Wildlife Service (2002) Cumberland Plain 
vegetation mapping project. NSW NPWS, Hurstville. Available at: 
http://www.environment.nsw.gov.au/surveys/GetHoldOfMapsDataAndRepor
ts.htm [accessed on 30 July 2014]. 
Nguyen, D.T., Spooner-Hart, R.N. & Riegler, M. (2016) Loss of Wolbachia but not 
Cardinium in the invasive range of the Australian thrips species, Pezothrips 
kellyanus. Biological Invasions, 18, 197-214.  
Nicholson, A.J. (1933) Supplement: the Balance of Animal Populations. Journal of 
Animal Ecology, 2, 131-178.  
Nismah, N. (2008) Leaf damaged by nymph of Cardiaspina albitextura and 
Cardiaspina retator (Hemiptera: Psyllidae). HAYATI Journal of Biosciences, 
15, 67.  
Nooten, S.S. & Hughes, L. (2013) Patterns of insect herbivory on four Australian 
understory plant species. Australian Journal of Entomology, 52, 309-314.  
Nováková, E. & Hypša, V. (2007) A new Sodalis lineage from bloodsucking fly 
Craterina melbae (Diptera, Hippoboscoidea) originated independently of the 
tsetse flies symbiont Sodalis glossinidius. FEMS Microbiology Letters, 269, 
131-135.  
Nováková, E., Hypša, V. & Moran, N.A. (2009) Arsenophonus, an emerging clade of 
intracellular symbionts with a broad host distribution. BMC Microbiology, 9, 
143.  
Nováková, E., Hypša, V., Klein, J., Foottit, R.G., von Dohlen, C.D. & Moran, N.A. 
(2013) Reconstructing the phylogeny of aphids (Hemiptera: Aphididae) using 
DNA of the obligate symbiont Buchnera aphidicola. Molecular 
Phylogenetics and Evolution, 68, 42-54.  
Noyes, J.S. & Hayat, M. (1994) Oriental mealybug parasitoids of the Anagyrini 
(Hymenoptera: Encyrtidae). Cab International, Wallingford, UK. 
Noyes, J.S. & Hanson, P. (1996) Encyrtidae (Hymenoptera: Chalcidoidea) of Costa 
Rica: the genera and species associated with jumping plant-lice (Homoptera: 
Psylloidea). Bulletin of The Natural History Museum. Entomology Series, 65, 
105-164.  
O'Neill, S.L., Giordano, R., Colbert, A.M., Karr, T.L. & Robertson, H.M. (1992) 16S 
rRNA phylogenetic analysis of the bacterial endosymbionts associated with 
cytoplasmic incompatibility in insects. Proceedings of the National Academy 
of Sciences of the United States of America, 89, 2699-2702.  
Oakeson, K.F., Gil, R., Clayton, A.L., Dunn, D.M., von Niederhausern, A.C., Hamil, 
C., Aoyagi, A., Duval, B., Baca, A. & Silva, F.J. (2014) Genome 
degeneration and adaptation in a nascent stage of symbiosis. Genome Biology 
and Evolution, 6, 76-93.  
Ohgushi, T., Schmitz, O. & Holt, R.D. (2012) Trait-mediated indirect interactions: 
ecological and evolutionary perspectives. Cambridge University Press, New 
York, US. 
155 
 
Økland, B., Liebhold, A.M., Bjørnstad, O.N., Erbilgin, N. & Krokene, P. (2005) Are 
bark beetle outbreaks less synchronous than forest Lepidoptera outbreaks? 
Oecologia, 146, 365-372.  
Oliveira, D.C., Isaias, R.M.S., Fernandes, G.W., Ferreira, B.G., Carneiro, R.G.S. & 
Fuzaro, L. (2016) Manipulation of host plant cells and tissues by gall-
inducing insects and adaptive strategies used by different feeding guilds. 
Journal of Insect Physiology, 84, 103-113.  
Oliver, K.M., Russell, J.A., Moran, N.A. & Hunter, M.S. (2003) Facultative bacterial 
symbionts in aphids confer resistance to parasitic wasps. Proceedings of the 
National Academy of Sciences of the United States of America, 100, 1803-
1807.  
Paine, T.D., Steinbauer, M.J. & Lawson, S.A. (2011) Native and exotic pests of 
Eucalyptus: a worldwide perspective. Annual Review of Entomology, 56, 181-
201.  
Paine, T.D., Millar, J.G., Hanks, L.M., Gould, J., Wang, Q., Daane, K., Dahlsten, 
D.L. & Mcpherson, E.G. (2015) Cost–benefit analysis for biological control 
programs that targeted insect pests of eucalypts in urban landscapes of 
California. Journal of Economic Entomology, 108, 2497-2504.  
Pandey, N. & Rajagopal, R. (2015) Molecular characterization and diversity analysis 
of bacterial communities associated with Dialeurolonga malleswaramensis 
(Hemiptera: Aleyrodidae) adults using 16S rDNA amplicon pyrosequencing 
and FISH. Insect Science. 10.1111/1744-7917.12220 
Paradis, E., Claude, J. & Strimmer, K. (2004) APE: analyses of phylogenetics and 
evolution in R language. Bioinformatics, 20, 289-290.  
Parker, B.L., Skinner, M., Gouli, S., Ashikaga, T. & Teillon, H.B. (1999) Low lethal 
temperature for hemlock woolly adelgid (Homoptera: Adelgidae). 
Environmental Entomology, 28, 1085-1091.  
Patil, N.G., Baker, P.S., Groot, W. & Waage, J.K. (1994) Competition between 
Psyllaephagus yaseeni and Tamarixia leucaenae two parasitoids of the 
leucaena psyllid (Heteropsylla cubana). International Journal of Pest 
Management, 40, 211-215.  
Peralta, G., Frost, C.M., Didham, R.K., Varsani, A. & Tylianakis, J.M. (2015) 
Phylogenetic diversity and co‐evolutionary signals among trophic levels 
change across a habitat edge. Journal of Animal Ecology, 84, 364-372.  
Percy, D.M. (2000) Psyllids of economic importance. Available at: 
http://www.psyllids.org/psyllidsPests.htm#Pests [accessed March 10th 2016]. 
Pérez-Brocal, V., Gil, R., Ramos, S., Lamelas, A., Postigo, M., Michelena, J.M., 
Silva, F.J., Moya, A. & Latorre, A. (2006) A small microbial genome: the end 
of a long symbiotic relationship? Science, 314, 312-313.  
Pittman, G.W., Brumbley, S.M., Allsopp, P.G. & O'Neill, S.L. (2008) Assessment of 
gut bacteria for a paratransgenic approach to control Dermolepida albohirtum 
larvae. Applied and Environmental Microbiology, 74, 4036-4043.  
Polis, G.A. & Winemiller, K.O. (1996) Food webs: integration of patterns & 
dynamics. Chapman & Hall, New York, US. 
Power, M.E. (1992) Top-down and bottom-up forces in food webs: do plants have 
primacy. Ecology, 73, 733-746.  
Price, P.W. (1991) The plant vigor hypothesis and herbivore attack. Oikos, 62, 244-
251.  
156 
 
Price, P.W., Denno, R.F., Eubanks, M.D., Finke, D.L. & Kaplan, I. (2011) Insect 
ecology: behavior, populations and communities. Cambridge University 
Press, Cambridge, UK. 
Purvis, G., Chauzat, M.P., Segonds-Pichon, A. & Dunne, R. (2002) Life history and 
phenology of the Eucalyptus psyllid, Ctenarytaina eucalypti in Ireland. 
Annals of Applied Biology, 141, 283-292.  
R Development Core Team (2013) R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, Austria. 
R Development Core Team (2014) R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, Austria. 
R Development Core Team (2015) R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, Austria. 
Rambaut, A. (2012) FigTree 1.4.0. Available at: 
http://tree.bio.ed.ac.uk/software/figtree/ [accessed Accessed 5 Dec 2012]. 
Raupp, M.J., Shrewsbury, P.M. & Herms, D.A. (2010) Ecology of herbivorous 
arthropods in urban landscapes. Annual Review of Entomology, 55, 19-38.  
Raupp, M.J., Shrewsbury, P.M. & Herms, D.A. (2012) Disasters by design: 
outbreaks along urban gradients. In Insect outbreaks revisited (eds P. 
Barbosa, D.K. Letourneau & A.A. Agrawal), pp. 313-340. Wiley-Blackwell, 
Chichester, UK. 
Reid, N., Nadolny, C., Banks, V., O'Shae, G. & Jenkins, B. (2007) Causes of 
eucalypt tree decline in the Namoi Valley. Final Report to Land and Water 
Australia on Project UNE 42. Ecosystem Management, University of New 
England, Armidale. 
Reisen, W.K., Thiemann, T., Barker, C.M., Lu, H., Carroll, B., Fang, Y. & Lothrop, 
H.D. (2010) Effects of warm winter temperature on the abundance and 
gonotrophic activity of Culex (Diptera: Culicidae) in California. Journal of 
Medical Entomology, 47, 230.  
Riek, E.F. (1962a) A new species of Echthroplexis, an encyrtid hyperparasite of lerp-
forming psyllids on eucalypts (Hymenoptera, Chalcidoidea). Proceedings of 
the Linnean Society of New South Wales, 87, 189-190.  
Riek, E.F. (1962b) The Australian species of Psyllaephagus (Hymenoptera: 
Encyrtidae), parasites of psyllids (Homoptera). Australian Journal of 
Zoology, 10, 684-757.  
Roland, J. (1993) Large-scale forest fragmentation increases the duration of tent 
caterpillar outbreak. Oecologia, 93, 25-30.  
Ronquist, F., Teslenko, M., van der Mark, P., Ayres, D.L., Darling, A., Höhna, S., 
Larget, B., Liu, L., Suchard, M.A. & Huelsenbeck, J.P. (2012) MrBayes 3.2: 
efficient Bayesian phylogenetic inference and model choice across a large 
model space. Systematic Biology, 61, 539-542.  
Rosenheim, J.A. (1998) Higher-order predators and the regulation of insect herbivore 
populations. Annual Review of Entomology, 43, 421-447.  
Roux, O., Le Lann, C., Van Alphen, J.J.M. & Van Baaren, J. (2010) How does heat 
shock affect the life history traits of adults and progeny of the aphid 
parasitoid Aphidius avenae (Hymenoptera: Aphidiidae)? Bulletin of 
Entomological Research, 100, 543-549.  
Rugman-Jones, P.F., Forster, L.D., Guerrieri, E., Luck, R.F., Morse, J.G., Monti, 
M.M. & Stouthamer, R. (2011) Taxon-specific multiplex-PCR for quick, 
easy, and accurate identification of encyrtid and aphelinid parasitoid species 
157 
 
attacking soft scale insects in California citrus groves. BioControl, 56, 265-
275.  
Sagaram, U.S., DeAngelis, K.M., Trivedi, P., Andersen, G.L., Lu, S.-E. & Wang, N. 
(2009) Bacterial diversity analysis of Huanglongbing pathogen-infected 
citrus, using PhyloChip arrays and 16S rRNA gene clone library sequencing. 
Applied and Environmental Microbiology, 75, 1566-1574.  
Sandström, J.P., Russell, J.A., White, J.P. & Moran, N.A. (2001) Independent origins 
and horizontal transfer of bacterial symbionts of aphids. Molecular Ecology, 
10, 217-228.  
Simon, C., Frati, F., Beckenbach, A., Crespi, B., Liu, H. & Flook, P. (1994) 
Evolution, weighting, and phylogenetic utility of mitochondrial gene 
sequences and a compilation of conserved polymerase chain reaction primers. 
Annals of the entomological Society of America, 87, 651-701.  
Sloan, D.B. & Moran, N.A. (2012) Genome reduction and co-evolution between the 
primary and secondary bacterial symbionts of psyllids. Molecular Biology 
and Evolution, 29, 3781-3792.  
Smith, H.S. (1935) The role of biotic factors in the determination of population 
densities. Journal of Economic Entomology, 28, 873-898.  
Smith, J.M. (1978) The evolution of sex. Cambridge University Press, Cambridge, 
UK. 
Smith, M.A., Wood, D.M., Janzen, D.H., Hallwachs, W. & Hebert, P.D.N. (2007) 
DNA barcodes affirm that 16 species of apparently generalist tropical 
parasitoid flies (Diptera, Tachinidae) are not all generalists. Proceedings of 
the National Academy of Sciences of the United States of America, 104, 4967-
4972.  
Southwood, T.R.E. (1975) The dynamics of insect populations. In Insects, science 
and society (ed D. Pimentel), pp. 151-199. Academic Press, New York, US. 
Spaulding, A.W. & von Dohlen, C.D. (1998) Phylogenetic characterization and 
molecular evolution of bacterial endosymbionts in psyllids (Hemiptera: 
Sternorrhyncha). Molecular Biology and Evolution, 15, 1506-1513.  
Spaulding, A.W. & von Dohlen, C.D. (2001) Psyllid endosymbionts exhibit patterns 
of co-speciation with hosts and destabilizing substitutions in ribosomal RNA. 
Insect Molecular Biology, 10, 57-67.  
Steinbauer, M.J., Kriticos, D.J., Lukacs, Z. & Clarke, A.R. (2004) Modelling a forest 
lepidopteran: phenological plasticity determines voltinism which influences 
population dynamics. Forest Ecology and Management, 198, 117-131.  
Steinbauer, M.J. (2013) Shoot feeding as a nutrient acquisition strategy in free-living 
psylloids. PloS one, 8, e77990.  
Steinbauer, M.J., Burns, A.E., Hall, A., Riegler, M. & Taylor, G.S. (2014) 
Nutritional enhancement of leaves by a psyllid through senescence-like 
processes: insect manipulation or plant defence? Oecologia, 176, 1061-1074.  
Steinbauer, M.J., Sinai, K.M.J., Anderson, A., Taylor, G.S. & Horton, B.M. (2015) 
Trophic cascades in bell miner-associated dieback forests: Quantifying 
relationships between leaf quality, psyllids and Psyllaephagus parasitoids. 
Austral Ecology, 40, 77-89.  
Steinbauer, M.J., Farnier, K., Taylor, G.S. & Salminen, J.P. (2016) Effects of 
eucalypt nutritional quality on the Bog gum‐Victorian metapopulation of 
Ctenarytaina bipartita and implications for host and range expansion. 
Ecological Entomology, 41, 211-225.  
158 
 
Stiling, P.D., Brodbeck, B.V. & Strong, D.R. (1982) Foliar nitrogen and larval 
parasitism as determinants of leafminer distribution patterns on Spartina 
alterniflora. Ecological Entomology, 7, 447-452.  
Stiling, P.D. (1987) The frequency of density dependence in insect host-parasitoid 
systems. Ecology, 68, 844-856.  
Stireman, J.O., Nason, J.D., Heard, S.B. & Seehawer, J.M. (2006) Cascading host-
associated genetic differentiation in parasitoids of phytophagous insects. 
Proceedings of the Royal Society B-Biological Sciences, 273, 523-530.  
Stone, C., Chesnut, K., Penman, T. & Nichols, D. (2010) Waterlogging increases the 
infestation level of the pest psyllid Creiis lituratus on Eucalyptus dunnii. 
Australian Forestry, 73, 98-105.  
Stouthamer, R. (1993) The use of sexual versus asexual wasps in biological control. 
BioControl, 38, 3-6.  
Strand, M.R. & Obrycki, J.J. (1996) Host specificity of insect parasitoids and 
predators. BioScience, 46, 422-429.  
Sullivan, D.J. (1987) Insect hyperparasitism. Annual Review of Entomology, 32, 49-
70.  
Sullivan, D.J., Daane, K.M., Sime, K.R. & Andrews, J.W. (2006) Protective 
mechanisms for pupae of Psyllaephagus bliteus Riek (Hymenoptera: 
Encyrtidae), a parasitoid of the red-gum lerp psyllid, Glycaspis 
brimblecombei Moore (Hemiptera: Psylloidea). Australian Journal of 
Entomology, 45, 101-105.  
Tajima, F. (1993) Simple methods for testing the molecular evolutionary clock 
hypothesis. Genetics, 135, 599-607.  
Tamames, J., Gil, R., Latorre, A., Peretó, J., Silva, F.J. & Moya, A. (2007) The 
frontier between cell and organelle: genome analysis of Candidatus 
Carsonella ruddii. BMC Evolutionary Biology, 7, 181.  
Tamura, K., Stecher, G., Peterson, D., Filipski, A. & Kumar, S. (2013) MEGA6: 
Molecular Evolutionary Genetics Analysis Version 6.0. Molecular Biology 
and Evolution, 30, 2725-2729.  
Tang, C., Sun, F., Zhang, X., Zhao, T. & Qi, J. (2004) Transgenic ice nucleation-
active Enterobacter cloacae reduces cold hardiness of corn borer and cotton 
bollworm larvae. FEMS Microbiology Ecology, 51, 79-86.  
Taylor, F. (1981) Ecology and evolution of physiological time in insects. The 
American Naturalist, 117, 1-23.  
Taylor, G.S. (1997) Effect of plant compounds on the population dynamics of the 
lerp insect, Cardiaspina albitextura Taylor (Psylloidea: Spondyliaspididae) 
on eucalypts. In Ecology and evolution of plant-feeding insects in natural and 
man-made environments (ed A. Raman), pp. 37-57. International Scientific 
Publications, New Delhi, India. 
Taylor, K.L. (1962) The Australian genera Cardiaspina Crawford and Hyalinaspis 
Taylor (Homoptera: Psyllidae). Australian Journal of Zoology, 10, 307-348.  
Teulon, D.A.J., Workman, P.J., Thomas, K.L. & Nielsen, M.C. (2009) Bactericera 
cockerelli: incursion, dispersal and current distribution on vegetable crops in 
New Zealand. New Zealand Plant Protection, 62, 136-144.  
Thao, M.L., Clark, M.A., Baumann, L., Brennan, E.B., Moran, N.A. & Baumann, P. 
(2000a) Secondary endosymbionts of psyllids have been acquired multiple 
times. Current Microbiology, 41, 300-304.  
159 
 
Thao, M.L., Moran, N.A., Abbot, P., Brennan, E.B., Burckhardt, D.H. & Baumann, 
P. (2000b) Cospeciation of psyllids and their primary prokaryotic 
endosymbionts. Applied and Environmental Microbiology, 66, 2898-2905.  
Thao, M.L., Clark, M.A., Burckhardt, D.H., Moran, N.A. & Baumann, P. (2001) 
Phylogenetic analysis of vertically transmitted psyllid endosymbionts 
(Candidatus Carsonella ruddii) based on atpAGD and rpoC: comparisons 
with 16S–23S rDNA-derived phylogeny. Current Microbiology, 42, 419-421.  
Thao, M.L. & Baumann, P. (2004) Evidence for multiple acquisition of 
Arsenophonus by whitefly species (Sternorrhyncha: Aleyrodidae). Current 
Microbiology, 48, 140-144.  
Thompson, J.N. (2005) The geographic mosaic of coevolution. University of 
Chicago Press, Chicago, US. 
Toenshoff, E.R., Gruber, D. & Horn, M. (2012) Co-evolution and symbiont 
replacement shaped the symbiosis between adelgids (Hemiptera: Adelgidae) 
and their bacterial symbionts. Environmental Microbiology, 14, 1284-1295.  
Toh, H., Weiss, B.L., Perkin, S.A.H., Yamashita, A., Oshima, K., Hattori, M. & 
Aksoy, S. (2006) Massive genome erosion and functional adaptations provide 
insights into the symbiotic lifestyle of Sodalis glossinidius in the tsetse host. 
Genome Research, 16, 149-156.  
Toju, H., Tanabe, A.S., Notsu, Y., Sota, T. & Fukatsu, T. (2013) Diversification of 
endosymbiosis: replacements, co-speciation and promiscuity of bacteriocyte 
symbionts in weevils. The ISME Journal, 7, 1378-1390.  
Tozer, M. (2003) The native vegetation of the Cumberland Plain, western Sydney: 
systematic classification and field identification of communities. 
Cunninghamia, 8, 1-75.  
Traugott, M., Zangerl, P., Juen, A., Schallhart, N. & Pfiffner, L. (2006) Detecting 
key parasitoids of lepidopteran pests by multiplex PCR. Biological Control, 
39, 39-46.  
Traugott, M., Bell, J.R., Broad, G.R., Powell, W., Van Veen, F.J.F., Vollhardt, 
I.M.G. & Symondson, W.O.C. (2008) Endoparasitism in cereal aphids: 
molecular analysis of a whole parasitoid community. Molecular Ecology, 17, 
3928-3938.  
Tsai, J.H., Wang, J. & Liu, Y. (2002) Seasonal abundance of the Asian citrus psyllid, 
Diaphorina citri (Homoptera: Psyllidae) in southern Florida. Florida 
Entomologist, 85, 446-451.  
Tscharntke, T. (1992) Cascade effects among four trophic levels: bird predation on 
galls affects density-dependent parasitism. Ecology, 73, 1689-1698.  
Turnbull, J.W. (1999) Eucalypt plantations. New Forests, 17, 37-52.  
Urban, J.M. & Cryan, J.R. (2012) Two ancient bacterial endosymbionts have 
coevolved with the planthoppers (Insecta: Hemiptera: Fulgoroidea). BMC 
Evolutionary Biology, 12, 87.  
Valente, C., Manta, A. & Vaz, A. (2004) First record of the Australian psyllid 
Ctenarytaina spatulata Taylor (Homoptera: Psyllidae) in Europe. Journal of 
Applied Entomology, 128, 369-370.  
Van Alphen, J.J.M. & Visser, M.E. (1990) Superparasitism as an adaptive strategy 
for insect parasitoids. Annual Review of Entomology, 35, 59-79.  
Van Nouhuys, S. & Hanski, I. (2000) Apparent competition between parasitoids 
mediated by a shared hyperparasitoid. Ecology Letters, 3, 82-84.  
160 
 
Van Nouhuys, S. & Lei, G. (2004) Parasitoid–host metapopulation dynamics: the 
causes and consequences of phenological asynchrony. Journal of Animal 
Ecology, 73, 526-535.  
Varennes, Y.-D., Boyer, S. & Wratten, S.D. (2014) Un-nesting DNA Russian dolls–
the potential for constructing food webs using residual DNA in empty aphid 
mummies. Molecular Ecology, 23, 3925-3933.  
Viale, E., Martinez-Sañudo, I., Brown, J.M., Simonato, M., Girolami, V., Squartini, 
A., Bressan, A., Faccoli, M. & Mazzon, L. (2015) Pattern of association 
between endemic Hawaiian fruit flies (Diptera, Tephritidae) and their 
symbiotic bacteria: Evidence of cospeciation events and proposal of 
“Candidatus Stammerula trupaneae”. Molecular Phylogenetics and 
Evolution, 90, 67-79.  
Villard, P. & Malausa, T. (2013) SP-Designer: a user-friendly program for designing 
species-specific primer pairs from DNA sequence alignments. Molecular 
Ecology Resources, 13, 755-758.  
Völkl, W. & Starý, P. (1988) Parasitation of Uroleucon species (Hom., Aphididae) 
on thistles (Compositae, Cardueae). Journal of Applied Entomology, 106, 
500-506.  
Vranjic, J.A. & Ash, J.E. (1997) Scale insects consistently affect roots more than 
shoots: the impact of infestation size on growth of eucalypt seedlings. 
Journal of Ecology, 85, 143-149.  
Wajnberg, E., Prevost, G. & Boulétreau, M. (1985) Genetic and epigenetic variation 
in Drosophila larvae suitability to a hymenopterous endoparasitoid. 
Entomophaga, 30, 187-191.  
Warton, D.I. & Hui, F.K. (2011) The arcsine is asinine: the analysis of proportions in 
ecology. Ecology, 92, 3-10.  
Watmough, R.H. (1968) Population studies on two species of Psyllidae (Homoptera, 
Sternorhyncha) on broom (Sarothamnus scoparius (L.) Wimmer). Journal of 
Animal Ecology, 37, 283-314.  
Wernegreen, J.J. (2002) Genome evolution in bacterial endosymbionts of insects. 
Nature Reviews Genetics, 3, 850-861.  
Werren, J.H., Zhang, W. & Guo, L.R. (1995) Evolution and phylogeny of 
Wolbachia: reproductive parasites of arthropods. Proceedings of the Royal 
Society B-Biological Sciences, 261, 55-63.  
White, T.C.R. (1969) An index to measure weather-induced stress of trees associated 
with outbreaks of psyllids in Australia. Ecology, 50, 905-909.  
White, T.C.R. (1970) Some aspects of the life history, host selection, dispersal and 
ovipostion of adult Cardiaspina densitexta (Homoptera: Psyllidae). 
Australian Journal of Zoology, 18, 105-117.  
White, T.C.R. (1993) The inadequate environment: nitrogen and the abundance of 
animals. Springer-Verlag, Berlin, Germany. 
White, T.C.R. (2008) The role of food, weather and climate in limiting the 
abundance of animals. Biological Reviews, 83, 227-248.  
White, T.C.R. (2009) Plant vigour versus plant stress: a false dichotomy. Oikos, 118, 
807-808.  
Withers, T.M. (2001) Colonization of eucalypts in New Zealand by Australian 
insects. Austral Ecology, 26, 467-476.  
Wu, D., Daugherty, S.C., Van Aken, S.E., Pai, G.H., Watkins, K.L., Khouri, H., 
Tallon, L.J., Zaborsky, J.M., Dunbar, H.E. & Tran, P.L. (2006) Metabolic 
161 
 
complementarity and genomics of the dual bacterial symbiosis of 
sharpshooters. PLoS Biology, 4, e188.  
Yang, L.H. (2012) The ecological consequences of insect outbreaks. In Insect 
outbreaks revisited (eds P. Barbosa, D.K. Letourneau & A.A. Agrawal), pp. 
197-218. Wiley-Blackwell, Chichester, UK. 
Yang, M.-M. & Mitter, C. (1993) Biosystematics of hackberry psyllids (Pachypsylla) 
and the evolution of gall and lerp formation in psyllids (Homoptera: 
Psylloidea): a preliminary report. United Stated Department of Agriculture, 
Minnesota, US. 
Yen, A.L. (2002) Short-range endemism and Australian Psylloidea (Insecta: 
Hemiptera) in the genera Glycaspis and Acizzia (Psyllidae). Invertebrate 
Systematics, 16, 631-639.  
Zamani, A.A., Talebi, A., Fathipour, Y. & Baniameri, V. (2007) Effect of 
temperature on life history of Aphidius colemani and Aphidius matricariae 
(Hymenoptera: Braconidae), two parasitoids of Aphis gossypii and Myzus 
persicae (Homoptera: Aphididae). Environmental Entomology, 36, 263-271.  
Zchori‐Fein, E. & Perlman, S.J. (2004) Distribution of the bacterial symbiont 
Cardinium in arthropods. Molecular Ecology, 13, 2009-2016.  
Zhang, J., Kapli, P., Pavlidis, P. & Stamatakis, A. (2013) A general species 
delimitation method with applications to phylogenetic placements. 
Bioinformatics, 29, 2869-2876.  
Zvereva, E.L., Lanta, V. & Kozlov, M.V. (2010) Effects of sap-feeding insect 
herbivores on growth and reproduction of woody plants: a meta-analysis of 
experimental studies. Oecologia, 163, 949-960.  
  
162 
 
 
 
 
 
 
 
 
 
 
Appendices 
  
163 
 
Appendix A 
 
Figure A1: Nearmap image of a section of the Plumpton Park study site in February 2014, 
with Cardiaspina defoliated Eucalyptus moluccana that can be differentiated from nonhost 
Eucalyptus.  
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Figure A2: Abundance of Grey Box Cardiaspina adults averaged across the five study sites 
(square-root values), scored fortnightly on yellow sticky traps; the sex ratio was 1:1.  
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Figure A3: Mean ± SE eggs laid per Grey Box Cardiaspina female for the winter generation 
revealed that there was no significant difference between study sites.  
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Figure A4: Mean ± SE percentage mortality of Grey Box Cardiaspina eggs and nymphs on 
Eucalyptus moluccana leaves during the survey period.  
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Figure A5: Leaf of Eucalyptus moluccana infested by Grey Box Cardiaspina with 1,611 
nymphs (mostly fourth-instar) on both sides of the leaf. Photo credit: Aidan Hall  
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Figure A6: Mean ± SE percentage parasitisation of Grey Box Cardiaspina nymphs on 
Eucalyptus moluccana leaves during the survey period. 
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Table A1: GenBank accession numbers for the cytochrome b gene from three parasitoid 
species of the Grey Box Cardiaspina obtained from five study sites in the Cumberland Plain 
Woodland of Western Sydney. The first accession number for each species represents the 
dominant haplotype, with successive accession numbers representing unique haplotypes 
listed with the number and type of single nucleotide polymorphisms (SNPs) in comparison 
with the dominant haplotype. 
GenBank 
accession 
Parasitoid 
morphotype Haplotype Site SNPs 
Amplicon 
size (bp) 
Substitution 
type Mutation type 
Codon 
position 
KJ921984 Psyllaephagus sp. 1 1 PR  428    
 Psyllaephagus sp. 1 1 PR  428    
 Psyllaephagus sp. 1 1 PP  428    
 Psyllaephagus sp. 1 1 PP  428    
 Psyllaephagus sp. 1 1 PP  428    
 Psyllaephagus sp. 1 1 GTR  428    
 Psyllaephagus sp. 1 1 BP  428    
 Psyllaephagus sp. 1 1 KR  428    
KJ921985 Psyllaephagus sp. 1 2 BP 1 428 synonymous transition 3rd 
 Psyllaephagus sp. 1 2 BP  428    
 Psyllaephagus sp. 1 2 GTR  428    
 Psyllaephagus sp. 1 2 GTR  428    
 Psyllaephagus sp. 1 2 PR  428    
KJ921996 Psyllaephagus sp. 2 1 PP  449    
 Psyllaephagus sp. 2 1 PP  449    
 Psyllaephagus sp. 2 1 PR  449    
 Psyllaephagus sp. 2 1 PR  449    
 Psyllaephagus sp. 2 1 KR  449    
 Psyllaephagus sp. 2 1 KR  449    
 Psyllaephagus sp. 2 1 BP  449    
 Psyllaephagus sp. 2 1 GTR  449    
 Psyllaephagus sp. 2 1 GTR  449    
KJ921995 Psyllaephagus sp. 2 2 BP 2 449 synonymous transition 3rd 
 Psyllaephagus sp. 2 2 PP  449    
 Psyllaephagus sp. 2 2 KR  449    
KJ921994 Psyllaephagus sp. 2 3 PR 1 449 synonymous transition 3rd 
KJ921986 Coccidoctonus psyllae 1 BP  456    
 
Coccidoctonus 
psyllae 1 BP  456    
 
Coccidoctonus 
psyllae 1 KR  456    
 
Coccidoctonus 
psyllae 1 PP  456    
 
Coccidoctonus 
psyllae 1 GTR  456    
 
Coccidoctonus 
psyllae 1 GTR  456    
KJ921987 Coccidoctonus psyllae 2 KR 2 456 synonymous transition 3rd 
KJ921988 Coccidoctonus psyllae 3 PR 1 456 nonsynonymous transversion 3rd 
KJ921989 Coccidoctonus psyllae 4 BP 2 456 synonymous transition 3rd 
KJ921990 Coccidoctonus psyllae 5 PR 4 456 synonymous transition 3rd 
KJ921991 Coccidoctonus psyllae 6 PR 1 456 nonsynonymous transition 1st 
KJ921992 Coccidoctonus psyllae 7 PP 1 456 synonymous transition 3rd 
KJ921993 Coccidoctonus psyllae 8 PP 3 456 synonymous 
2 transitions 
1 transversion 3rd 
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Table A2: Number and density of Eucalyptus moluccana and other Eucalyptus species in 
study sites. 
  
Site Total count (E. moluccana) 
Total count 
(other eucalypt species) 
Site size 
(ha) 
E. moluccana 
density/ha 
GTR 102 8 1.5 68 
PR 209 6 2.93 71 
PP 143 241 6.04 24 
KR 72 27 1.23 59 
BP 70 77 2.08 34 
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Appendix B 
 
Figure B1: Trophic interactions (red arrows) in an undescribed Cardiaspina sp. psyllid host 
– parasitoid system revealed by parasitoid species-specific multiplex PCR on post-
emergence mummies. P1 and P2 are primary Psyllaephagus spp. parasitoids, HH is a 
heteronomous Psyllaephagus sp. hyperparasitoid, while H is the hyperparasitoid 
Coccidoctonus psyllae. Blue arrows indicate alternate sex development in HH depending on 
host species, psyllid or P1. Photo credits: Aidan Hall.  
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Figure B2: Parasitoid species frequencies (%) inferred from three different surveying 
methods of adult parasitoid wasps: fortnightly yellow sticky traps (n = 3,356 wasps) over a 
year across five outbreak study sites; monthly leaf collections (n = 744 wasps) over a year 
across the same sites; emergence in gelatine capsules (n = 444 wasps) from mummies 
collected from a Eucalyptus plantation in May 2014. 
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Table B1: GenBank accession numbers for partial cytochrome b gene sequences and 
database numbers for morphotypes of parasitoid species and Cardiaspina sp. vouchered at 
the Australian National Insect Collection. Parasitoid morphotypes were given abbreviations 
reflective of their trophic roles, i.e. P for primary parasitoid, H for hyperparasitoid and HH 
for heteronomous hyperparasitoid. 
Species GenBank accession number 
ANIC 
database number 
P1 Psyllaephagus sp. KJ921994 – KJ921996 32-069048 – 32-069051 
P2 Psyllaephagus sp. KJ921984 – KJ921985 32-069080 – 32-069102 
H Coccidoctonus psyllae KJ921986 – KJ921993 32-069052 – 32-069079 
HH Psyllaephagus sp. KT228277 32-069033 – 32-069047 
Grey Box 
Cardiaspina sp. host KJ879185 - KJ879186 
32-019790 
32-019724 
32-019783 
32-019784 
32-019740 
32-019723 
32-019785 
32-019728 
32-019789 
32-019736 
32-019732 
32-019735 
32-019742 
32-019782 
32-019777 
32-019787 
32-019739 
32-019734 
32-019780 
32-019731 
32-014382 
32-014066 
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Appendix C 
 
Figure C1: Majority consensus phylogeny of Cardiaspina and other psyllid species, 
constructed using Bayesian inference from mitochondrial COI (509 bp) and cytb (398 bp), 
and nuclear wg (268 bp), EF-1 alpha (281 bp) and CAD (323 bp). Bayesian posterior support 
values are provided at the nodes, and the scale bar represents the number of substitutions per 
site.  
175 
 
 
Figure C2: Majority consensus phylogeny of 36 psyllid species of seven families, 
constructed using Bayesian inference of mitochondrial COI (509 bp) and nuclear wg (398 
bp) gene sequences. Bayesian posterior support values are provided at the nodes, and the 
scale bar represents the number of substitutions per site. Sequences obtained in this study are 
shown in bold and GenBank accession numbers are provided in Table C2. Family and 
subfamily names as per Burckhardt & Ouvrard (2012) are also in bold and taxonomic 
groupings are indicated by the vertical bars.  
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Figure C3: Majority consensus phylogeny of Carsonella of 36 psyllid species of seven 
families, constructed using Bayesian inference of 16S rDNA (1,553 bp), atpA (765 bp), a 
larger region spanning atpA, G and D (1,835 bp) and a region spanning rpoB and C (2,740 
bp) genes. Bayesian posterior support values are provided at the nodes, and the scale bar 
represents the number of substitutions per site. Sequences obtained in this study are shown in 
bold and GenBank accession numbers are provided in Table C2. Family and subfamily 
names as per Burckhardt & Ouvrard (2012) are also in bold and taxonomic groupings are 
indicated by the vertical bars.  
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Figure C4: Majority consensus S-endosymbiont phylogeny of Cardiaspina and other psyllid 
species, constructed using Bayesian inference from 23S rDNA (495 bp) and protein coding 
fbaA (549 bp), ftsK (863 bp), infB (818 bp) and yaeT (596 bp). Bayesian posterior support 
values are provided at the nodes, and the scale bar represents the number of substitutions per 
site. 
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Figure C5: Majority consensus phylogeny of hosts, constructed using Bayesian inference of 
mitochondrial COI (662 bp) and cytb (545 bp), and nuclear EF-1 alpha (886 bp) genes. 
Bayesian posterior support values are provided at the nodes, and the scale bar represents the 
number of substitutions per site. Sequences obtained in this study are shown in bold and 
GenBank accession numbers are provided in Table C3.  
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Figure C6: Majority consensus phylogeny of Arsenophonus and Sodalis, constructed using 
Bayesian inference of 23S rDNA (495 bp) and fbaA (614 bp) genes. Bayesian posterior 
support values are provided at the nodes, and the scale bar represents the number of 
substitutions per site. Species from this study are shown in bold and GenBank accession 
numbers are provided in Table C3. 
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Table C1: Prevalence of Carsonella and S-endosymbionts in 12 populations of Cardiaspina 
spp. and one population of a Glycaspis sp.; prior to this study, Cardiaspina collected from 
Eucalyptus moluccana (GB, Grey Box) and Eucalyptus robusta (SM, Swamp Mahogany) 
were not classified to species level. 
Psyllid species 
N P-endosymbiont prevalence 
S-endosymbiont 
prevalence 
Adults Nymphs Carsonella Arsenophonus Sodalis 
C. albitextura  10 100 % 100 % – 
C. densitexta 10  100 % 100 % – 
C. fiscella 1 10  100 % 100 % – 
C. fiscella 2  10 100 % 100 % – 
C. maniformis 1  10 100 % – 100 % 
C. maniformis 2 6  100 % – 100 % 
C. retator 10  100 % 100 % – 
C. tenuitela 1 10  100 % 100 % – 
C. tenuitela 2  10 100 % 100 % – 
C. vittaformis  10 100 % 100 % – 
GB Cardiaspina 
sp. 15  100 % 100 % – 
SM Cardiaspina 
sp.  10 100 % 100 % – 
Glycaspis sp. 6  100 % 100 % – 
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Table C2: GenBank accession numbers for psyllid and Carsonella DNA sequences. 
Accession numbers in bold were obtained from this study, while the others were downloaded 
from GenBank. 
Organism Family: Subfamily Host DNA Carsonella DNA COI wg 16S rDNA atpA atpAGD rpoBC 
Acizzia uncatoides Psyllidae: Acizziinae AY100374 AF231366 AF211124 – AF267200 AF268057 
Blastopsylla 
occidentalis 
Aphalaridae: 
Spondyliaspidinae – AF231382 AF211127 – AF267203 – 
Boreioglycaspis 
melaleucae 
Aphalaridae: 
Spondyliaspidinae – AF231383 AF211128 – AF267202 – 
Cacopsylla 
brunneipennis Psyllidae: Psyllinae – AF231370 AF243138 – AF267204 – 
Cacopsylla myrthi Psyllidae: Psyllinae – AF231368 AF211129 – AF267207 – 
Cacopsylla peregrina Psyllidae: Psyllinae – AF231373 AF211130 – – – 
Cacopsylla pyri Psyllidae: Psyllinae – AF231372 AF211131 – AF267208 AF268058 
Calophya schini Calophyidae: Calophyinae – AF231369 AF211132 – AF267209 AF268064 
C. albitextura Aphalaridae: Spondyliaspidinae KU568244 KU568348 KU568320 KU568217 KU568184 KU568192 
C. densitexta Aphalaridae: Spondyliaspidinae KU568250 KU568354 KU568326 KU568223 KU568188 KU568196 
C. fiscella 1 Aphalaridae: Spondyliaspidinae KU568253 KU568357 KU568329 KU568226 KU568189 KU568197 
C. fiscella 2 Aphalaridae: Spondyliaspidinae KU568254 KU568358 KU568330 KU568227 – – 
C. maniformis 1 Aphalaridae: Spondyliaspidinae KU568248 KU568352 KU568324 KU568221 KU568186 KU568194 
C. retator Aphalaridae: Spondyliaspidinae KU568245 KU568349 KU568321 KU568218 – – 
C. tenuitela 1 Aphalaridae: Spondyliaspidinae KU568247 KU568351 KU568323 KU568220 KU568185 KU568193 
C. vittaformis Aphalaridae: Spondyliaspidinae KU568251 KU568355 KU568327 KU568224 – – 
GB Cardiaspina sp. Aphalaridae: Spondyliaspidinae KU568249 KU568353 KU568325 KU568222 KU568187 KU568195 
SM Cardiaspina sp. Aphalaridae: Spondyliaspidinae KU568246 KU568350 KU568322 KU568219 – – 
Ctenarytaina eucalypti Aphalaridae: Spondyliaspidinae – AF231385 AF211133 – AF267205 AF250386 
Ctenarytaina 
longicauda 
Aphalaridae: 
Spondyliaspidinae – AF231386 AF211134 – AF267206 – 
Ctenarytaina spatulata Aphalaridae: Spondyliaspidinae – AF231384 AF211135 – AF267210 CP003542 
Diaphorina citri Liviidae: Euphyllurinae KJ453897 AF231365 AF211136 CP003467 AF267211 AF268061 
Glycaspis 
brimblecombei 
Aphalaridae: 
Spondyliaspidinae – AF231381 AF211137 – AF267212 AF268055 
Glycaspis sp. Aphalaridae: Spondyliaspidinae KU568252 KU568356 KU568328 KU568225 – – 
Heteropsylla cubana Psyllidae: Ciriacreminae – AF231376 AF211138 – AF267213 AF250387 
Heteropsylla texana Psyllidae: Ciriacreminae – AF231375 AF211139 – AF267214 AF250388 
M. proxima Homotomidae: Macrohomotominae KU568256 KU568360 KU568332 KU568229 – – 
Neotriozella hirsuta Triozidae – AF231363 AF211140 – AF267215 – 
Pachypsylla pallida Aphalaridae: Pachpsyllinae – AF231377 AF211142 – AF267219 – 
Pachypsylla venusta Aphalaridae: Pachpsyllinae AY278317 AF231378 AF211143 AP009180 AF291051 AF268056 
Psylla buxi Psyllidae: Psyllinae – AF231371 AF211146 – AF267216 – 
P. sterculiae Carsidaridae KU568257 KU568361 KU568333 KU568230 KU568191 KU568199 
Russelliana intermedia Psyllidae: Aphalaroidinae – AF231388 AF211148 – AF267223 – 
Spanioneura 
fonscolombei Psyllidae: Psyllinae – AF231374 AF211149 – – – 
Tainarys sordida Aphalaridae: Rhinocolinae – AF231380 AF211150 – AF267225 AF268053 
Trioza urticae Triozidae – AF231364 AF211152 – AF267226 – 
T. eugeniae Triozidae KU568255 KU568359 KU568331 KU568228 KU568190 KU568198 
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Table C3: GenBank accession numbers for psyllids, Aphis, Glossina and their Arsenophonus or Sodalis S-endosymbiont. Accession numbers in bold were 
obtained from this study, while the others were downloaded from GenBank. 
 
Organism 
Host DNA S-endosymbiont DNA 
 COI cytb CAD EF-1 alpha 23S rDNA fbaA ftsK infB yaeT 
Psyllids C. albitextura KU568244 KU568258 KU568231 KU568272 KU568206 KU568285 KU568297 KU568308 KU568362 
 C. densitexta KU568250 KU568264 KU568237 KU568278 KU568211 KU568290 KU568302 KU568313 KU568367 
 C. fiscella 1 KU568253 KU568267 KU568240 KU568281 KU568214 KU568293 KU568305 KU568316 KU568370 
 C. fiscella 2 KU568254 KU568268 KU568241 KU568282 KU568215 KU568294 KU568306 KU568317 KU568371 
 C. maniformis 1 KU568248 KU568262 KU568235 KU568276 KU568204 KU568203 – KU568202 KU568201 
 C. retator KU568245 KU568259 KU568232 KU568273 KU568207 KU568286 KU568298 KU568309 KU568363 
 C. tenuitela 1 KU568247 KU568261 KU568234 KU568275 KU568209 KU568288 KU568300 KU568311 KU568365 
 C. vittaformis KU568251 KU568265 KU568238 KU568279 KU568212 KU568291 KU568303 KU568314 KU568368 
 GB Cardiaspina sp. KU568249 KU568263 KU568236 KU568277 KU568210 KU568289 KU568301 KU568312 KU568366 
 SM Cardiaspina sp. KU568246 KU568260 KU568233 KU568274 KU568208 KU568287 KU568299 KU568310 KU568364 
 Glycaspis sp. KU568252 KU568266 KU568239 KU568280 KU568213 KU568292 KU568304 KU568315 KU568369 
 M. proxima KU568256 KU568270 KU568242 KU568283 KU568216 KU568296 KU568307 KU568319 KU568373 
 P. sterculiae KU568257 KU568271 KU568243 KU568284 – – – – – 
 T. eugeniae KU568255 KU568269 KU568200 – KU568205 KU568295 – KU568318 KU568372 
Aphids and fly Aphis craccivora KC897559 HQ917035 – KC897473 KF362019 JX188412 – – – 
 Aphis glycines KC928237 KC310858 – KC928229 KC019882 KC701199 – – – 
 Aphis gossypii KC928240 GU457810 – KC897248 – GU226822 – – – 
 Aphis idaei – AM085368 – JF950580 – JX188411 – – – 
 Aphis ruborum KC897586 – – KC897485 – JX188413 – – – 
 Aphis spiraecola – GU205364 – KC897306 – GU226822 – – – 
 Glossina morsitans JF439541 KC177594 – JF439518 AP008232 – – – – 
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Table C4: Amplicon size and % AT of 23S rDNA and fbaA of (a) Arsenophonus and (b) 
Sodalis from psyllids. Also included are Arsenophonus of several Aphis species (GenBank 
numbers in Table C3) and its closest relatives obligate endosymbiont Riesia (CP001085) and 
free-living Proteus penneri (GG661996). Sodalis sequences included for comparison were 
obligate P-endosymbionts from Glossina morsitans (AP008232) and Sitophilus oryzae 
(CP006568), and free-living Sodalis praecaptivus (CP006569). 
Host organism S-endosymbiont 
23S rDNA fbaA 
Size (bp) AT (%) 
Size 
(bp) 
AT 
(%) 
(a)      
C. albitextura Arsenophonus 495 47.88 549 59.02 
C. densitexta Arsenophonus 495 47.68 549 58.83 
C. fiscella 1 Arsenophonus 495 47.27 549 58.65 
C. fiscella 2 Arsenophonus 495 47.27 549 58.65 
C. retator Arsenophonus 495 47.27 549 58.65 
C. tenuitela 1 Arsenophonus 495 48.08 549 58.83 
C. vittaformis Arsenophonus 495 47.27 549 59.02 
GB Cardiaspina sp. Arsenophonus 495 47.68 549 58.83 
SM Cardiaspina sp. Arsenophonus 495 47.88 549 59.20 
Glycaspis sp. Arsenophonus 407 47.91 549 59.02 
M. proxima Arsenophonus 495 46.87 481 58.63 
T. eugeniae Arsenophonus 279 52.33 549 62.30 
Aphis craccivora Arsenophonus 401 49.38 521 59.31 
Aphis glycines Arsenophonus 495 47.47 N/A N/A 
Aphis gossypii Arsenophonus N/A N/A 549 59.02 
Aphis idaei Arsenophonus N/A N/A 521 59.69 
Aphis ruborum Arsenophonus N/A N/A 521 59.31 
Aphis spiraecola Arsenophonus N/A N/A 549 59.02 
free-living Proteus 494 48.38 549 61.02 
Pediculus humanus 
corporis Riesia 495 55.56 549 69.22 
(b)      
C. maniformis 1 Sodalis 494 48.58 549 54.10 
free-living Sodalis 495 45.25 N/A N/A 
Glossina morsitans Sodalis 495 45.66 N/A N/A 
Sitophilus oryzae Sodalis 495 45.45 N/A N/A 
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Table C5: Results of Tajima’s relative rate tests that compared evolutionary rates in 23S 
rDNA and fbaA of psyllid S-endosymbiont Arsenophonus against facultative Arsenophonus 
in Aphis craccivora and the closest obligate relative of Arsenophonus, Riesia of lice. It also 
compared psyllid-associated Sodalis against free-living Sodalis praecaptivus and weevil-
associated Sodalis oryzae. All comparisons were performed with the outgroup Proteus 
penneri. GenBank accession numbers are provided in Table C3 and Table C4. A P-value of 
< 0.05 rejected the null hypothesis of equal evolutionary rates. 
Gene Host organism S-endosymbiont 
Comparison 
(free-
living/facultative) 
χ2 P Comparison (obligate) χ
2 P 
23S 
rDNA C. albitextura Arsenophonus Aphis craccivora 0 1 Riesia 20.28 <0.001 
 C. densitexta Arsenophonus Aphis craccivora 1 0.317 Riesia 17.78 <0.001 
 C. fiscella 1 Arsenophonus Aphis craccivora 0 1 Riesia 20.84 <0.001 
 C. fiscella 2 Arsenophonus Aphis craccivora 0.03 0.873 Riesia 20.84 <0.001 
 C. retator Arsenophonus Aphis craccivora 0 1 Riesia 20.84 <0.001 
 C. tenuitela 1 Arsenophonus Aphis craccivora 0.33 0.564 Riesia 19 <0.001 
 C. vittaformis Arsenophonus Aphis craccivora 2.27 0.132 Riesia 13.44 <0.001 
 GB Cardiaspina sp. Arsenophonus Aphis craccivora 1 0.317 Riesia 17.78 <0.001 
 SM Cardiaspina sp. Arsenophonus Aphis craccivora 0 1 Riesia 20.28 <0.001 
 Glycaspis sp. Arsenophonus Aphis craccivora 0 1 Riesia 20.43 <0.001 
 M. proxima Arsenophonus Aphis craccivora 0.2 0.655 Riesia 21.62 <0.001 
 T. eugeniae Arsenophonus Aphis craccivora 0.09 0.763 Riesia 9.8 0.002 
23S 
rDNA C. maniformis 1 Sodalis Sodalis praecaptivus 3.2 0.074 
Sitophilus 
oryzae 1.64 0.201 
fbaA C. albitextura Arsenophonus Aphis craccivora 0.33 0.564 Riesia 24.97 <0.001 
 C. densitexta Arsenophonus Aphis craccivora 0 1 Riesia 23.68 <0.001 
 C. fiscella 1 Arsenophonus Aphis craccivora 0.67 0.414 Riesia 22.13 <0.001 
 C. fiscella 2 Arsenophonus Aphis craccivora 0.67 0.414 Riesia 22.13 <0.001 
 C. retator Arsenophonus Aphis craccivora 0.67 0.414 Riesia 22.13 <0.001 
 C. tenuitela 1 Arsenophonus Aphis craccivora 0 1 Riesia 23.68 <0.001 
 C. vittaformis Arsenophonus Aphis craccivora 0.33 0.564 Riesia 24.64 <0.001 
 GB Cardiaspina sp. Arsenophonus Aphis craccivora 0 1 Riesia 23.68 <0.001 
 SM Cardiaspina sp. Arsenophonus Aphis craccivora 0.33 0.564 Riesia 24.97 <0.001 
 Glycaspis sp. Arsenophonus Aphis craccivora 3 0.083 Riesia 26.64 <0.001 
 M. proxima Arsenophonus Aphis craccivora 0 1 Riesia 16.28 <0.001 
 T. eugeniae Arsenophonus Aphis craccivora 0.02 0.891 Riesia 19.18 <0.001 
fbaA C. maniformis 1 Sodalis Sodalis praecaptivus N/A N/A Sitophilus oryzae N/A N/A 
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Table C6: Results of ParaFit analysis of psyllid – Carsonella links of 36 species from seven 
families using ParaFitLink1 and ParaFitLink2 statistics. ParaFit tests the null hypothesis of 
independent evolution of hosts and endosymbionts. Probabilities were computed after 10,000 
random permutations. Significant associations are shown in bold. 
Host organism ParaFitLink1 ParaFitLink2 
Acizzia uncatoides < 0.001 < 0.001 
Blastopsylla occidentalis < 0.001 < 0.001 
Boreioglycaspis melaleucae < 0.001 < 0.001 
Cacopsylla brunneipennis < 0.001 < 0.001 
Cacopsylla myrthi < 0.001 < 0.001 
Cacopsylla peregrina < 0.001 < 0.001 
Cacopsylla pyri < 0.001 < 0.001 
Calophya schini < 0.001 < 0.001 
C. albitextura < 0.001 < 0.001 
C. densitexta < 0.001 < 0.001 
C. fiscella 1 < 0.001 < 0.001 
C. fiscella 2 < 0.001 < 0.001 
C. maniformis 1 < 0.001 < 0.001 
C. retator < 0.001 < 0.001 
C. tenuitela 1 < 0.001 < 0.001 
C. vittaformis < 0.001 < 0.001 
GB Cardiaspina sp. < 0.001 < 0.001 
SM Cardiaspina sp. < 0.001 < 0.001 
Ctenarytaina eucalypti < 0.001 < 0.001 
Ctenarytaina longicauda < 0.001 < 0.001 
Ctenarytaina spatulata < 0.001 < 0.001 
Diaphorina citri < 0.001 < 0.001 
Glycaspis brimblecombei < 0.001 < 0.001 
Glycaspis sp. < 0.001 < 0.001 
Heteropsylla cubana < 0.001 < 0.001 
Heteropsylla texana < 0.001 < 0.001 
M. proxima 0.331 0.260 
Neotriozella hirsuta < 0.001 < 0.001 
Pachypsylla pallida 0.149 0.107 
Pachypsylla venusta 0.156 0.108 
Psylla buxi < 0.001 < 0.001 
P. sterculiae 0.542 0.485 
Russelliana intermedia < 0.001 < 0.001 
Spanioneura fonscolombei < 0.001 < 0.001 
Tainarys sordida < 0.001 < 0.001 
Trioza urticae < 0.001 < 0.001 
T. eugeniae < 0.001 < 0.001 
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Table C7: Results of ParaFit analysis of host – S-endosymbiont links using ParaFitLink1 
and ParaFitLink2 statistics. ParaFit tests the null hypothesis of independent evolution of 
hosts and endosymbionts. Probabilities were computed after 10,000 random permutations. 
Host organism Endosymbiont ParaFitLink1 ParaFitLink2 
Psyllid    
C. albitextura Arsenophonus 0.512 0.512 
C. densitexta Arsenophonus 0.486 0.486 
C. fiscella 1 Arsenophonus 0.451 0.450 
C. fiscella 2 Arsenophonus 0.457 0.457 
C. retator Arsenophonus 0.452 0.451 
C. tenuitela 1 Arsenophonus 0.479 0.479 
C. vittaformis Arsenophonus 0.528 0.528 
GB Cardiaspina sp. Arsenophonus 0.478 0.478 
SM Cardiaspina sp. Arsenophonus 0.519 0.520 
Glycaspis sp. Arsenophonus 0.614 0.614 
M. proxima Arsenophonus 0.373 0.373 
T. eugeniae Arsenophonus 0.665 0.665 
Aphid    
Aphis craccivora Arsenophonus 0.388 0.388 
Aphis glycines Arsenophonus 0.314 0.314 
Aphis gossypii Arsenophonus 0.308 0.308 
Aphis idaei Arsenophonus 0.430 0.430 
Aphis ruborum Arsenophonus 0.319 0.319 
Aphis spiraecola Arsenophonus 0.327 0.327 
Psyllid    
C. maniformis 1 Sodalis 0.742 0.742 
Fly    
Glossina morsitans Sodalis 0.315 0.315 
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Table C8: Collection information for psyllid species used in this study. Collectors were Aidan Hall (AH), Markus Riegler (MR), Martin Steinbauer (MS), 
Gary Taylor (GT), Caroline Fromont (CF), Timothy Sutton (TS), Kathryn Raphael (KR) and Jennifer Morrow (JM). All Cardiaspina Glycaspis species were 
collected from Eucalyptus. 
Cardiaspina species Sample ID Location Lat/Long Date Collector Host plant 
Cardiaspina sp. GB Cardiaspina sp. Study sites in Western Sydney, NSW Chapter 2 August 2012 AH, MR E. moluccana 
Cardiaspina sp. SM Cardiaspina sp. Hawkesbury campus, Western Sydney University, NSW 33°36' S, 150°45' E November 2012 AH, MS E. robusta 
C. albitextura C. albitextura Black Mountain Dr, Canberra, ACT 35°16' S, 149°6' E October 2013 AH, MR E. blakelyi 
C. densitexta C. densitexta Battunga Rd, Meadows, SA 35°9' S, 138°45' E October 2013 AH, MR, GT, MS E. fasciculosa 
C. fiscella C. fiscella 1 Driftway, Richmond, NSW 33°37' S, 150°44' E August 2012 AH E. tereticornis 
C. fiscella C. fiscella 2 Rotary Park, South West Rocks, NSW 30°55' S, 153°1' E December 2013 AH, CF E. botryoides 
C. maniformis C. maniformis 1 Driftway, Richmond, NSW 33°37' S, 150°44' E August 2012 AH E. tereticornis 
C. maniformis C. maniformis 2 Mary St, Macquarie Fields, NSW 33°59' S, 150°53' E November 2014 AH E. tereticornis 
C. retator C. retator Battunga Rd, Meadows, SA 35°9' S, 138°45' E October 2013 AH, MR, GT, MS E. camaldulensis 
C. tenuitela C. tenuitela 1 Federal Hwy exit to Gungahlin, ACT 35°13' S, 149°11' E October 2013 AH, MR E. melliodora 
C. tenuitela C. tenuitela 2 Mary Lawson Wayside Rest, Finley, NSW 35°39' S, 145°34' E October 2013 AH, MR E. melliodora 
C. vittaformis C. vittaformis Bungarribee Rd, Blacktown, NSW 33°46' S, 150°52' E September 2012 AH, MR E. crebra 
Other species       
Glycaspis sp. Glycaspis sp. East Market St, Richmond, NSW 33°35' S, 150°45' E October 2012 AH, MR E. saligna/grandis 
Mycopsylla proxima M. proxima Civic Park, Newcastle, NSW 32°55' S, 151°46' E November 2013 CF, TS Ficus rubiginosa 
Protyora sterculiae P. sterculiae Hawkesbury campus, Western Sydney University, NSW 33°36' S, 150°45' E March 2014 AH, MR, JM Brachychiton populneus 
Trioza eugeniae T. eugeniae Dumaresq St, Gordon, NSW 33°45' S, 151°09' E October 2014 KR, JM Syzygium smithii 
 
  
188 
 
Table C9: List of bacterial specific primers used in screening of psyllid species for S-endosymbionts. Positive controls were positive for the primer set that 
they are listed against. 
Primer Target taxon Positive control Target gene Primer sequence (5' - 3') Reference 
Ri528F 
Ri1044R Rickettsia 
aphid 
whitefly 16S rDNA 
ACTAATCTAGAGTGTAGTAGGGGATGATGGG 
TTTTCTTATAGTTCCTGGCATTACCC Werren et al. (1995) 
SpoulF 
SpoulR 
Spiroplasma 
poulsonii whitefly 16S rDNA 
GCTTAACTCCAGTTCGCC 
CCTGTCTCAATGTTAACCTC Montenegro et al. (2005) 
Ch-F 
Ch-R 
Cardinium 
hertigii Pezothrips kellyanus 16S rDNA 
TACTGTAAGAATAAGCACCGGC 
GTGGATCACTTAACGCTTTCG 
Zchori‐Fein and Perlman 
(2004) 
SodF 
R1060 Sodalis 
aphid 
whitefly 16S rDNA 
ACCGCATAACGTCGCAAGACC 
CTTAACCCAACATTTCTCAACACGAG 
Nováková and Hypša 
(2007) 
16SWfor 
16SWrev 
Wolbachia 
pipientis 
Pezothrips kellyanus 
Eurema hecabe 16S rDNA 
TTGTAGCCTGCTATGGTATAACT 
GAATAGGTATGATTTTCATGT O'Neill et al. (1992) 
U99F 
16SB1 
Regiella 
insecticola aphid 16S rDNA 
ATCGGGGAGTAGCTTGCTAC 
TACGGYTACCTTGTTACGACTT 
Sandström et al. (2001) 
Fukatsu and Nikoh (1998) 
PABSF 
16SB1 
Hamiltonella 
defensa 
aphid 
whitefly 16S rDNA 
AGCGCAGTTTACTGAGTTCA 
TACGGYTACCTTGTTACGACTT 
Darby et al. (2001) 
Fukatsu and Nikoh (1998) 
16SA1 
PASScmp 
Serratia 
symbiotica aphid 16S rDNA 
AGAGTTTGATCMTGGCTCAG 
GCAATGTCTTATTAACACAT Fukatsu et al. (2000) 
Ars23S-1 
Ars23S-2 Arsenophonus 
aphid 
whitefly 23S rDNA 
CGTTTGATGAATTCATAGTCAAA 
GGTCCTCCAGTTAGTGTTACCCAAC Thao and Baumann (2004) 
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Table C10: List of primers and PCR conditions used in this study to construct psyllid and endosymbiont phylogenies. 
Primer Target taxon Target gene Primer sequence (5' - 3') Amplicon size (bp) PCR cycling conditions Reference 
CB1 
CB2 psyllid cytb 
TATGTACTACCATGAGGACAAATATC 
ATTACACCTCCTAATTTAATTAGGAAT 398 
94 °C for 3 minutes; 
29 cycles of 95 °C for 15 seconds, 45 °C for 20 seconds and 72 °C for 30 seconds; 
72 °C for 10 minutes 
Jermiin and Crozier (1994) 
Dick 
Pat psyllid COI 
CCAACAGGAATTAAAATTTTTAGATGATTAGC 
TCCAATGCACTAATCTGCCATATTA 509 
94 °C for 3 minutes; 
35 cycles of 94 °C for 30 seconds, 50 °C for 30 seconds and 72 °C for 1 minute; 
72 °C for 10 minutes 
Simon et al. (1994) 
PswgF 
PswgR psyllid wg 
ACATGYTGGATGAGAYTACCA 
TCTTGTGTTCTATAACCACGCCCAC 268 
94 °C for 3 minutes; 
30 cycles of 94 °C for 30 seconds, 58 °C for 30 seconds and 72 °C for 1 minute; 
72 °C for 10 minutes 
This study 
PsEF1aF 
PsEF1aR psyllid EF-1 alpha 
CAGTACCTGTTGGTCGTGTTGAGAC 
ACGACGRTCACAYTTTTCTTTGATC 323 
94 °C for 3 minutes; 
35 cycles of 94 °C for 30 seconds, 50 °C for 30 seconds and 72 °C for 1 minute; 
72 °C for 10 minutes 
This study 
PsCADF 
PsCADR psyllid CAD 
CGTATGGTAGATGAAAGTGT 
AATTTGTTTGWGCAGGATAYTCTGC 281 
94 °C for 3 minutes; 
35 cycles of 94 °C for 30 seconds, 50 °C for 30 seconds and 72 °C for 1 minute; 
72 °C for 10 minutes 
This study 
CR 16S F 
CR 16S R Carsonella 16S rDNA 
CACGTGCTACAATGAGTAAAACAA 
GGTTCCCCTACAGCTACCTTG 212 
94 °C for 3 minutes; 
35 cycles of 94 °C for 30 seconds, 50 °C for 30 seconds and 72 °C for 1 minute; 
72 °C for 10 minutes 
Nachappa et al. (2011) 
Cru198-F 
Cru809-R Carsonella 16S rDNA 
TTAAACCACATGCTCCACCG 
GCTTGATCCAGCTATGTCGC 555 
94 °C for 3 minutes; 
35 cycles of 94 °C for 30 seconds, 65 °C for 40 seconds and 72 °C for 1 minute; 
72 °C for 10 minutes 
Fromont et al. submitted 
CarsatpF 
CarsatpR Carsonella atpA 
ATGATGGTATTGTTGAAGTAGAAGG 
AATGAACTTACATCTCCTTCAAGAG 765 
94 °C for 3 minutes; 
35 cycles of 94 °C for 30 seconds, 50 °C for 30 seconds and 72 °C for 1 minute; 
72 °C for 10 minutes 
This study 
Ars23S-1 
Ars23S-2 Arsenophonus 23S rDNA 
CGTTTGATGAATTCATAGTCAAA 
GGTCCTCCAGTTAGTGTTACCCAAC 495 
94 °C for 3 minutes; 
40 cycles of 94 °C for 30 seconds, 48 °C for 30 seconds and 72 °C for 1 minute; 
72 °C for 10 minutes 
Thao and Baumann (2004) 
ArsftsKF 
ArsftsKR Arsenophonus ftsK 
GCAAAACTGGAAAAAGTTAGGTACACTC 
CTAAAGATATCTTCATCATATTTGTCCAGC 863 
94 °C for 3 minutes; 
30 cycles of 94 °C for 30 seconds, 55 °C for 30 seconds and 72 °C for 1 minute; 
72 °C for 10 minutes 
This study 
ArsyaeTF 
ArsyaeTR Arsenophonus yaeT 
AACATGGAAAGTTAAGAATTAAAGGGCATC 
ATATAATTCGTTTAATCTGTACTGTCCAGC 596 
94 °C for 3 minutes; 
30 cycles of 94 °C for 30 seconds, 55 °C for 30 seconds and 72 °C for 1 minute; 
72 °C for 10 minutes 
This study 
ArsinfBF 
ArsinfBR Arsenophonus infB 
GGAAAAAGTAAATCAGTCAACATTGAGGTC 
AATGAAGTTTTACCATGGTCAACATGTCC 818 
94 °C for 3 minutes; 
30 cycles of 94 °C for 30 seconds, 55 °C for 30 seconds and 72 °C for 1 minute; 
72 °C for 10 minutes 
This study 
fbaAf 
fbaAr Arsenophonus fbaA 
GCYGCYAAAGTTCRTTCTCC 
CCWGAACCDCCRTGGAAAACAAAA 549 
94 °C for 3 minutes; 
35 cycles of 94 °C for 30 seconds, 50 °C for 30 seconds and 72 °C for 1 minute; 
72 °C for 10 minutes 
Duron et al. (2010) 
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Table C11: Evolutionary models used for different host psyllid, Carsonella and S-
endosymbiont genes in this study. 
Target gene Evolutionary model 
Psyllid  
COI HKY + G 
cytb HKY + G 
CAD T92 + G 
EF-1 alpha K2 + G 
wg K2 
Carsonella  
16S rDNA GTR + G 
atpA GTR + G 
atpA, G and D GTR + G 
rpoB and C GTR + G 
S-endosymbiont  
23S rDNA K2 
fbaA T92 + G 
ftsK T92 
infB TN93 + G 
yaeT T92 + G 
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Appendix D 
 
Figure D1: Tanglegram of concatenated host psyllid COI (506 bp), cytb (398 bp), wg (268 bp), EF-1 alpha (281 bp) and CAD (323 bp), and concatenated 
primary parasitoid, P1, cytb (344 bp) and 28S rDNA (509 bp) phylogenies, listed by their host associations. 
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Figure D2: Tanglegram of concatenated host psyllid COI (506 bp), cytb (398 bp), wg (268 bp), EF-1 alpha (281 bp) and CAD (323 bp), and concatenated 
primary parasitoid, P2, cytb (344 bp) and 28S rDNA (509 bp) phylogenies, listed by their host associations. Dots indicate significance of congruence on 
individual nodes between host and parasitoid phylogenies. 
  
193 
 
 
Figure D3: Tanglegram of a) concatenated parasitoid, P2 (host of H), and concatenated hyperparasitoid, H, cytb (344 bp) and 28S rDNA (509 bp) 
phylogenies, and b) concatenated host psyllid COI (506 bp), cytb (398 bp), wg (268 bp), EF-1 alpha (281 bp) and CAD (323 bp) and concatenated 
hyperparasitoid, H, cytb (344 bp) and 28S rDNA (509 bp) phylogenies, listed by their host associations. Dots indicate significance of congruence (darker 
shade represents higher significance) on individual nodes between host and parasitoid phylogenies. 
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Figure D4: Tanglegram of a) concatenated host parasitoid, P1, and concatenated heteronomous hyperparasitoid, HH, cytb (344 bp) and 28S rDNA (509 bp) 
phylogenies, and b) concatenated host psyllid COI (506 bp), cytb (398 bp), wg (268 bp), EF-1 alpha (281 bp) and CAD (323 bp) and concatenated 
heteronomous hyperparasitoid, HH, cytb (344 bp) and 28S rDNA (509 bp) phylogenies, listed by their host associations. Dots indicate significance of 
congruence (darker shade represents higher significance) on individual nodes between host and parasitoid phylogenies. 
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Table D1: Collection information for psyllid host species from Eucalyptus. Collectors were Aidan Hall (AH), Markus Riegler (MR), Martin Steinbauer (MS), 
Kevin Farnier (KF) and Umar Lubanga (UL). 
Host species Location Lat/Long Date Collector 
Host Plant 
Scientific Common 
GB Cardiaspina sp. Koala food plantation, Richmond, NSW 33°36’S, 150°45’E May 2014 AH E. moluccana Grey Box 
C. albitextura Alivio Tourist Park, Canberra, ACT 35°15' S, 149°6' E April 2014 MR E. blakelyi Blakely's Red Gum 
C. densitexta Mount Monster, Keith, SA 36°12' S, 140°20' E October 2013 MS, KF, UL E. fasciculosa Pink Gum 
C. fiscella EucFACE, Richmond, NSW 33°37' S, 150°44' E September 2014 AH, MR E. tereticornis Red Gum 
C. maniformis Mary St, Macquarie Fields, NSW 33°59' S, 150°53' E September 2014 AH E. tereticornis Red Gum 
C. tenuitela Alivio Tourist Park, Canberra, ACT 35°15' S, 149°6' E April 2014 MR E. melliodora Yellow Box 
C. vittaformis Bungarribee Rd, Blacktown, NSW 33°46' S, 150°52' E September 2014 AH E. crebra Narrow-leaved Ironbark 
Outgroup       
Spondyliaspis sp. EucFACE, Richmond, NSW 33°37' S, 150°44' E September 2014 AH, MR E. tereticornis Red Gum 
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Table D2: Voucher numbers of parasitoid morphotypes at the Australian National Insect 
Collection (CSIRO, Canberra) from two of the Cardiaspina spp. hosts, collected when their 
psyllid hosts were at significant outbreak levels in the Cumberland Plain Woodland of 
Western Sydney. 
Cardiaspina host Parasitoid morphotype ANIC database number 
C. fiscella 
P1 female 32-069126 
P2 male 32-069121 
P2 female 32-069120 
H male 32-069103 – 32-069112 
H female 32-069113 – 32-069119 
HH male 32-069122 – 32-069123 
HH female 32-069124 – 32-069125 
GB Cardiaspina sp. 
P1 female 32-069048 – 32-069051 
P2 male 32-069080 – 32-069094 
P2 female 32-069095 – 32-069102 
H male 32-069052 – 32-069063 
H female 32-069064 – 32-069079 
HH male 32-069041 – 32-069047 
HH female 32-069033 – 32-069040 
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Table D3: GenBank accession numbers for cytb and 28S rDNA of the encyrtid parasitoid 
morphospecies obtained from Cardiaspina and Spondyliaspis sp. host populations. 
Individual number corresponds to the same individual for both genetic markers, and the 
genotype number corresponds to the concatenated genotype. P1, P2 and HH are 
Psyllaephagus species, H is Coccidoctonus psyllae.
Host 
species 
Parasitoid 
morphotype 
cytb 
GenBank 
accession 
number 
Individual 
number 
28S rDNA 
GenBank 
accession 
number 
Individual 
number 
Genotype 
number 
C. albitextura 
P1 KU568376 1 - 4 KU568423 1 - 4 GT1 
P2 KU568377 KU568378 
1 - 3 KU568424 1 - 4 GT1 GT2 4 
H 
KU568379 
KU568380 
KU568381 
KU568382 
1 
KU568425 1 - 4 
GT1 
GT2 
GT3 
GT4 
2 
3 
4 
HH KU568383 KU568384 
1 - 2 KU568426 1 - 4 GT1 GT2 3- 4 
C. densitexta 
P1 KU568385 KU568386 
1 KU568427 1 - 4 GT1 GT2 2 - 4 
P2 KU568387 1 - 4 KU568428 1 - 4 GT1 
H 
KU568388 
KU568389 
KU568390 
1 
KU568429 1 - 4 
GT1 
GT2 
GT3 
GT4 
2 - 3 
4 
C. fiscella 
P2 KU568391 KU568392 
1 - 2 KU568430 1 - 4 GT1 GT2 3 - 4 
H KU568393 1 - 4 KU568431 1 - 4 GT1 
HH KU568394 1 - 4 KU568432 KU568433 
1, 3 - 4 
2 
GT1 
GT2 
C. maniformis 
P1 KU568395 1 - 4 KU568434 1 - 4 GT1 
P2 KU568396 1 - 4 KU568435 1 - 4 GT1 
HH 
KU568397 
KU568398 
KU568399 
1 - 2 
KU568436 
KU568437 
1, 4 
2 - 3 
GT1 
GT2 
GT3 
GT4 
3 
4 
C. tenuitela 
P1 KU568400 1 - 4 KU568438 1 - 4 GT1 
H 
KU568401 
KU568402 
KU568403 
1 - 2 
KU568439 1 - 4 
GT1 
GT2 
GT3 
GT4 
3 
4 
HH KU568404 KU568405 
1 KU568440 1 - 4 GT1 GT2 1 - 3 
C. vittaformis P1 
KU568406 
KU568407 
KU568408 
1 - 2 
KU568441 1 - 4 
GT1 
GT2 
GT3 
GT4 
3 
4 
GB Cardiaspina sp. 
P1 
KU568409 
KU568410 
KU568411 
1 - 2 
KU568442 
KU568443 
1 
2 - 4 
GT1 
GT2 
GT3 
GT4 
3 
4 
P2 KU568412 KU568413 
1 - 2 KU568444 1 - 4 GT1 GT2 3 - 4 
H 
KU568414 
KU568415 
KU568416 
1 
KU568445 
KU568446 
1 - 2, 4 
3 
GT1 
GT2 
GT3 
GT4 
2 
3 - 4 
HH KU568417 1 - 4 KU568447 1 - 4 GT1 
Spondyliaspis sp. 
P2 
KU568418 
KU568419 
KU568420 
1 - 2 
KU568448 1 - 4 
GT1 
GT2 
GT3 
GT4 
3 
4 
H KU568421 1 - 3 KU568449 1 - 3 GT1 
HH KU568422 1 - 4 KU568450 1 - 4 GT1 
aphelinid sp. not obtained   KU568451 1 - 2 not applicable 
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Table D4: List of primers and PCR conditions used in this study to construct the psyllid phylogeny. Nuclear primers were designed in the program PriFi 
based on sequence alignments of wg, EF-1 alpha and CAD genes of C. albitextura, C. tenuitela, C. densitexta and GB Cardiaspina sp. obtained from Illumina 
HiSeq total genomic shotgun sequences of single adult males searched by using GenBank sequence information of these genes from a range of hemipteran 
insects (Morrow et al. unpublished data). 
Primer Target gene 
Size 
(bp) Primer sequence (5' - 3') PCR cycling conditions 
Evolutionary 
model Reference 
Dick 
Pat COI 506 
CCAACAGGAATTAAAATTTTTAGATGATTAGC 
TCCAATGCACTAATCTGCCATATTA  
94 °C for 3 minutes; 
35 cycles of 94 °C for 30 seconds, 50 °C for 30 
seconds and 72 °C for 1 minute; 
72 °C for 10 minutes 
HKY + G Simon et al. 1994 
CB1 
CB2 cytb 398 
TATGTACTACCATGAGGACAAATATC 
ATTACACCTCCTAATTTAATTAGGAAT 
94 °C for 3 minutes; 
30 cycles of 95 °C for 15 seconds, 45 °C for 20 
seconds and 72 °C for 1 minute; 
72 °C for 10 minutes 
HKY + G Jermiin & Crozier 1994 
PswgF 
PswgR wg 268 
ACATGYTGGATGAGAYTACCA 
TCTTGTGTTCTATAACCACGCCCAC 
94 °C for 3 minutes; 
30 cycles of 94 °C for 30 seconds, 58 °C for 30 
seconds and 72 °C for 30 seconds; 
72 °C for 10 minutes 
K2 + G This study 
PsEF1aF 
PsEF1aR 
EF-1 
alpha 281 
CAGTACCTGTTGGTCGTGTTGAGAC 
ACGACGRTCACAYTTTTCTTTGATC 
94 °C for 3 minutes; 
35 cycles of 94 °C for 30 seconds, 50 °C for 30 
seconds and 72 °C for 1 minute; 
72 °C for 10 minutes 
K2 This study 
PsCADF 
PsCADR CAD 323 
CGTATGGTAGATGAAAGTGT 
AATTTGTTTGWGCAGGATAYTCTGC 
94 °C for 3 minutes; 
35 cycles of 94 °C for 30 seconds, 50 °C for 30 
seconds and 72 °C for 1 minute; 
72 °C for 10 minutes 
T92 + G This study 
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Table D5: GenBank accession numbers for psyllid DNA sequences. 
Psyllid species COI cytb CAD EF-1 alpha wg 
C. albitextura KU568244 KU568258 KU568231 KU568272 KU568348 
C. densitexta KU568250 KU568264 KU568237 KU568278 KU568354 
C. fiscella KU568253 KU568267 KU568240 KU568281 KU568357 
C. maniformis KU568248 KU568262 KU568235 KU568276 KU568352 
C. tenuitela KU568247 KU568261 KU568234 KU568275 KU568351 
C. vittaformis KU568251 KU568265 KU568238 KU568279 KU568355 
GB Cardiaspina sp. KU568249 KU568263 KU568236 KU568277 KU568353 
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Table D6: Sequence divergence (%) comparisons of 28S rDNA (509 bp) between 
populations of parasitoids from their associated psyllid hosts. 
Comparison P1 P2 H HH 
C. albitextura - C. densitexta 0 0 0 – 
C. albitextura - C. fiscella – 1.7 1.9 6.3 
C. albitextura - C. maniformis 8.2 0.6 – 4.4 
C. albitextura - C. tenuitela 0 – 0 0 
C. albitextura - C. vittaformis 3 – – – 
C. albitextura - GB Cardiaspina sp. 8.4 0.2 0.4 3.8 
C. albitextura - Spondyliaspis sp. – 1.5 0.8 3.8 
C. densitexta - C. fiscella – 1.7 1.9 – 
C. densitexta - C. maniformis 8.2 0.6 – – 
C. densitexta - C. tenuitela 0 – 0 – 
C. densitexta - C. vittaformis 3 – – – 
C. densitexta - GB Cardiaspina sp. 8.4 0.2 0.4 – 
C. densitexta - Spondyliaspis sp. – 1.5 0.8 – 
C. fiscella - C. maniformis – 1.1 – 2.5 
C. fiscella - C. tenuitela – – 1.9 6.3 
C. fiscella - C. vittaformis – – – – 
C. fiscella - GB Cardiaspina sp. – 1.5 1.9 2.5 
C. fiscella - Spondyliaspis sp. – 2.3 1.5 2.5 
C. maniformis - C. tenuitela 8.2 – – 4.4 
C. maniformis - C. vittaformis 10.6 – – – 
C. maniformis - GB Cardiaspina sp. 3 0.4 – 0.6 
C. maniformis - Spondyliaspis sp. – 1.3 – 0.6 
C. tenuitela - C. vittaformis 3 – – – 
C. tenuitela - GB Cardiaspina sp. 8.4 – 0.4 3.8 
C. tenuitela - Spondyliaspis sp. – – 0.8 3.8 
C. vittaformis - GB Cardiaspina sp. 10.6 – – – 
C. vittaformis - Spondyliaspis sp. – – – – 
GB Cardiaspina sp. - Spondyliaspis sp. – 1.3 0.8 0 
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Table D7: bPTP putative species delimitation analysis of 28S rDNA from parasitoid 
morphospecies from different host populations. 
Parasitoid 
morphospecies bPTP putative species populations 
Posterior 
delimitation 
probability 
P1 GB Cardiaspina sp. 0.81 
P1 C. maniformis 0.95 
P1 C. albitextura, C. densitexta, C. tenuitela, C. vittaformis 0.93 
P2 C. albitextura, C. densitexta, C. fiscella, C. maniformis, GB Cardiaspina sp., Spondyliaspis sp. 0.57 
H C. albitextura, C. densitexta, C. fiscella, C. tenuitela, GB Cardiaspina sp., Spondyliaspis sp. 0.72 
HH C. fiscella, C. maniformis, GB Cardiaspina sp., Spondyliaspis sp. 0.31 
HH C. albitextura, C. tenuitela 0.96 
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Appendix E 
Table E1: Results of host feeding acceptance experiment of GB Cardiaspina sp. collected from infested E. moluccana leaves from the Eucalyptus koala food 
plantation on Hawkesbury campus, and transferred to new host species. Mean number of nymphs/adults (± SE) per leaf from five leaves per Eucalyptus 
species. Leaves were inspected every three to four weeks to score successful development of a single generation to adulthood. All Eucalyptus species are of 
the subgenus Symphomyrtus, while from different sections as per Brooker and Kleinig (2006) (listed in square brackets). 
  
E. moluccana 
[Adnataria] 
(instar) 
Survivorship  
(%)2 
E. melliodora 
[Adnataria] 
(instar) 
Survivorship  
(%) 
E. tereticornis 
[Exsertaria] 
(instar) 
Survivorship  
(%) 
E. punctata 
[Latoangulatae] 
(instar) 
Survivorship  
(%) 
E. haemastoma 
[Cineraceae] 
(instar) 
Survivorship  
(%) 
E. robusta 
[Latoangulatae] 
(instar) 
Survivorship  
(%) 
April 10th1 57.4 ± 14.9 (first) 100 
71.8 ± 12.9 
(first) 100 
29.8 ± 15.4 
(first) 100 
34 ± 6 
(first) 100 
87.6 ± 23 
(first) 100 
51.4 ± 27.3 
(first) 100 
May 5th 11.8 ± 5 (third-fourth) 19.4 ± 3.9 
6 ± 1.2 
(first-third) 8.7 ± 1.7 
9.2 ± 5.4 
(first-second) 28.4 ± 8.4 
2.2 ± 1 
(first) 7.4 ± 3.2 
4.4 ± 2.3 
(first-second) 5.5 ± 3.2 0 ± 0 0 ± 0 
May 23rd 11 ± 5 (third-fifth) 17.8 ± 4.3 
3.3 ± 0.6 
(first-third) 4.7 ± 0.7 
5 ± 2.6 
(first-second) 16.9 ± 8.2 
1.4 ± 0.6 
(first-second) 4.3 ± 1.9 
1.6 ± 0.7 
(first-third) 1.8 ± 0.9 0 ± 0 0 ± 0 
June 12th 10.2 ± 4.9 (third-adult) 16.8 ± 4.4 
2 ± 0.4 
(third-fifth) 3.2 ± 0.9 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 
July 31st 7.4 ± 3.4 (adult) 12.1 ± 2.9 
1.8 ± 0.6 
(adult) 3 ± 1.1 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 
1 date of transferral of E. moluccana leaves with first-instar nymphs onto other Eucalyptus species leaves. 
2 survival (as a percentage) of developing nymphs at each successive time point relative to the initial transferral (100 % survival). 
